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Preface 

The European Union (EU) cohesion policy aims at attaining the convergence of 
economic, social, and territorial cohesion across EU Member States (MS). The funds 
dedicated to the EU cohesion policy constitute the second-highest group of expen-
ditures in the EU budget. Therefore, the evaluation of their implementation assumes 
a prominent role in cohesion policy formulation because it helps support policy 
design, and also provides sound evidence of the results and impacts of the actions 
undertaken. During the 2014–2020 programming period, MS became obligated (for 
the first time) to conduct evaluations to appraise the effectiveness, efficiency, and 
impact of each programme’s objective. These rules apply to the European Regional 
Development Fund (ERDF), the European Social Fund, and the Cohesion Fund. 

Most of these assessments are focused on implementation matters and evaluate 
progress regarding targets achievement, being mainly concerned with the alignment 
of the projects and actions with the programmes’ objectives as well as with the 
effectiveness and efficiency of their implementation. These evaluations also focus 
on whether the existing funding is spent or not and if the targets established, partic-
ularly those of the performance framework, are achieved. The impact assessments 
are performed later in the programme cycle when most actions already took place 
and have also generated impacts. 

This Book presents recent findings, sparks discussion, and reveals new research 
paths addressing the use of novel methodologies and approaches to tackle the chal-
lenges and opportunities that are unveiled with the implementation of EU cohesion 
policy. The authors cover a wide range of topics including (but not limited to) the 
monitoring data; the clearness of indicators in measuring the impact of interventions;
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evaluation methods; case studies and applications on evaluations of the thematic 
objectives under scrutiny of the cohesion policy, namely: 

• Research, Technological Development and Innovation; 
• Information and Communication Technologies; 
• Shift towards a low-carbon economy. 
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Evaluating the Reasons Behind 
the Inefficient Implementation of ERDF 
Devoted to R&I in SMEs 

Carla Henriques and Clara Viseu 

Abstract This work is mainly aimed at evaluating the reasons behind the inefficient 
execution of Operational Programs (OPs) aimed at promoting research and innova-
tion (R&I), especially in small and medium-sized enterprises (SMEs). To achieve this 
goal, we employed a three-stage slack-based measure (SBM) data envelopment anal-
ysis (DEA) model combined with Stochastic Frontier analysis (SFA), which includes 
a multiplicity of achievement metrics and environmental factors, to evaluate 53 OPs 
from 19 countries. Our findings suggest that more developed regions (proxied by a 
higher Gross Domestic Product (GDP) per capita) do not make an efficient appli-
cation of European Regional Development Funds (ERDF) aimed at fostering R&I 
in SMEs. Also, a greater proportion of the population with a university degree does 
not imply an appropriate use of ERDF devoted to R&I in SMEs. Lifelong learning 
is positively linked with the performance of the outcomes “Researchers Working 
in Improved Infrastructures” and “Enterprises Supported”. Research and develop-
ment (R&D) expenditures in the public sector contribute favorably to the needed 
improvements in “Researchers Working in Improved Infrastructures” but have the 
reverse effect on the number of “Enterprises Supported” and “Enterprises Working 
with Research Institutions”. Furthermore, because R&D expenditures in the business 
sector have a positive impact on the necessary development of “Enterprises Working 
with Research Institutions”, these results appear to demonstrate that public R&D 
has a weaker influence on SME innovation than private R&D. Finally, innovative 
SMEs collaborating with other sources of knowledge show a positive effect on both
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4 C. Henriques and C. Viseu

the number of “Enterprises” and “Enterprises Working with Research Institutions” 
supported. 

Keywords R&I · SMEs · SBM model · SFA · ERDF 

1 Introduction 

When it comes to innovation, SMEs have a variety of practical challenges. Acces-
sibility to finance may be challenging to get for SMEs, particularly when risky 
initiatives are involved (Lee et al., 2010; Romero-Martínez et al., 2010; Van de 
Vrande et al., 2009). The level to which this is an obstacle differs depending on 
the age of the organization, the company size, the intensity of the investigation, the 
growth orientation (Zimmermann & Thomä, 2016), and, in many circumstances, the 
geographic location (Hölzl & Janger, 2014). Additional hurdles may include prob-
lems in hiring highly trained individuals (Belitz & Lejpras, 2016; Bianchi et al., 2010; 
Dahlander & Gann, 2010; Duarte et al., 2017; Gardocka-Jałowiec & Wierzbicka, 
2019), issues with management (Zhou et al., 2021), lower adsorption ability (Müller 
et al., 2021), and challenges in capturing value (Bouncken et al., 2020). Nonetheless, 
the most fundamental hurdles to innovation are perceived to be economic (García-
Quevedo et al., 2018). Over the 2014–2020 programmatic period, the ERDF provided 
around 66 billion Euros to boost innovation and productivity, particularly in the 
European Union (EU) SMEs (Gramillano et al., 2018). Despite the evaluation of the 
implementation of these funds being mandatory, according to Ortiz and Fernandez 
(2022), policymakers still face major challenges in their assessment and control 
stages, owing to the absence of useful information, comparative studies, and orga-
nizational qualifications. Moreover, evaluation mechanisms during the 2014–2020 
programmatic cycle focused heavily on evaluating procedure results, with hardly 
any data on the criteria to measure the immediate benefits of the initiatives funded 
(Ortiz & Fernandez, 2022). Furthermore, in the case of R&I policies, the assessment 
technique plays an important role in assisting the national/regional authorities in 
the enhancement of upcoming policy tools by identifying the strengths and weak-
nesses of previous policy stages (Neto & Santos, 2020). In this context, there are 
numerous techniques for appraising cohesion policy (Lopez-Rodríguez & Faíña, 
2014). Macroeconomic and econometric modeling are commonly used approaches 
for analyzing the effect of cohesion policy (Henriques et al., 2022a, b). Computable 
General Equilibrium Models along with input–output models and econometric tech-
niques are normally employed in the context of R&I socioeconomic effect evalu-
ation (e.g., Di Comite et al., 2018; Diukanova et al., 2022; Barbero et al., 2022). 
Even though these approaches allow for the evaluation and study of the major effects 
of EU funds on economic growth, they do not allow evaluating management fail-
ures (Marzinotto, 2012). Moreover, they ignore the allocation of EU funding within 
every region to different thematic objectives (TO). The research mainstream is based 
on econometric studies (see, for example, Stojčić et al., 2020; Radicic & Pugh,
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2017; Santos et al., 2019; Thum-Thysen et al., 2019; Fattorini et al., 2020; Sein & 
Prokop, 2021). Nevertheless, it produces contradictory results (Berkowitz et al., 
2019), prompting some experts to dispute its use (Durlauf, 2009; Wostner & Šlander, 
2009; Berkowitz et al., 2019). Other methods can also be employed, but with the 
same intrinsic shortcomings (e.g., Bedu & Vanderstocken, 2020; Gustafsson et al., 
2020). The evaluation procedures generally available do not allow comparing any 
regional or national OP against its peers. These do not enable the identification of the 
adjustments that should occur to enhance the efficiency of OPs’ execution (Gouveia 
et al., 2021). Moreover, these methods often require fulfilling statistical hypotheses 
(namely, normality, absence of multicollinearity, and homoscedasticity). Therefore, 
the adoption of nonparametric methodologies can be valuable and appropriate, partic-
ularly as the data freely available on the European Commission website can be used 
in conjunction with DEA models. The efficient production frontier is usually derived 
through stochastic approaches (Gouveia et al., 2021). These, nevertheless, can just 
accommodate an output level at a time (Gouveia et al., 2021). Contrastingly, DEA 
can easily handle many inputs (resources) and outputs (outcomes) and can also 
be applied to determine the efficient production frontier. Furthermore, contrary to 
stochastic techniques, DEA does not rely on any production function form or error 
term. According to DEA, the greater the divergence from the production efficient 
frontier, the greater the inefficiency of the decision-making unit (DMU) (in this case, 
the OPs) under appraisal. Also, the DEA methodology can be particularly valuable 
for management authorities (MA) because it enables the detection of best practices, 
and also identifies the changes that need to occur to improve the performance of the 
OPs under evaluation. 

In this framework, Athanassopoulos (1996) used DEA to determine the relative 
geographical weaknesses of the EU’s Level II territories. Gómez-García et al. (2012) 
assessed the pure and global technical efficiencies regarding Thematic Objective 1 
(TO1) in the deployment of EU structural funds from 2000 to 2006. They employed 
labor and productivity levels as outputs, and the Stochastic Frontier Analysis (SFA) 
together with the DEA methodology. Anderson & Stejskal, (2019) employed DEA 
to evaluate the efficiency of innovation diffusion in EU MS based on their Euro-
pean Innovation Scoreboard scores. Furthermore, Gouveia et al. (2021) employed 
the Value-Based DEA technique, considering the primary elements that can impair 
the efficient execution of structural funds in different OPs devoted to SMEs’ competi-
tiveness. Henriques et al. (2022a) used the SBM approach in conjunction with cluster 
analysis to evaluate 102 OPs from 22 EU MS focused on the implementation of a 
low-carbon economy in SMEs. Finally, Henriques et al. (2022b) evaluated the effi-
ciency of 53 R&I OPs from 19 countries utilizing the Network SBM technique in 
combination with cluster analysis for appraising the implementation of EU funds 
devoted to promoting R&I in SMEs. Nevertheless, their work did not accommodate 
for the influence of contextual variables and random errors in efficiency evaluation. 
Therefore, this work aims to fill this gap by suggesting an approach that combines a 
three-stage SBM model and SFA, which to the best of our knowledge has not hitherto 
been used in this context. Through this method it is possible to further understand 
if the efficiency results attained are mainly related to management failures or the
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contextual environment of the OPs or statistical noise, also providing information on 
the contextual factors with the greatest effect on the OPs’ inefficiencies. 

Insofar, the main research questions that we seek to address with this work are 
given below: 

RQ1: “Which contextual variables show a relevant effect on the inefficiencies of 
the OPs committed to boosting R&I in SMEs?” 
RQ2: “What are the impacts of considering contextual factors on the efficiency 
of the OPs?” 

This article is organized as follows. Section 2 explains the basic assumptions 
underlying the techniques suggested to assess the execution of the OPs evaluated. 
Section 3 addresses the key rationale for choosing the inputs and outputs utilized 
in this study, as well as some statistics on the data that instantiates the SBM 
and SFA models. Section 4 delves into the major findings. Section 5 summarizes 
the major results, discusses potential policy recommendations, identifies the main 
shortcomings, and proposes further work advances. 

2 Methodology 

Classical DEA techniques, like the CCR (Charnes et al., 1978) and BCC (Banker 
et al., 1984), are radial, which means that they can simply manage proportional 
adjustments in the inputs or outputs used in the assessment. Therefore, the CCR and 
BCC efficiency ratings produced indicate the highest proportionate input (output) 
contraction (expansion) rates for all inputs (outputs). Nevertheless, owing to factor 
substitutions, this sort of premise is frequently not met in practice. 

As a result, in opposition to the CCR and BCC approaches, we employ the SBM 
approach (Tone, 2001), which allows for a broader study of efficiency due to its 
non-radial nature (i.e., inputs and outputs can vary non-radially), also enabling to 
consider non-oriented models (i.e., address simultaneous variations of the inputs and 
outputs). 

2.1 The SBM Model 

The generalized SBM model of Tone (2001) may be presented (by taking m inputs, 
s outputs, and n DMUs into account) as follows:
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Min  
λ, s−, s+ ρ = 

1 − 1 m
∑m 

i=1 s
− 
i /xik  

1 + 1 s
∑s 

r=1 s
+
r /yrk  

s.t. 

xik  = 
n∑

j=1 

xi j  λ j + s− 
i , i = 1, ..., m 

yrk  = 
n∑

j=1 

yr j  λ j − s+ 
r , r = 1, ..., s 

n∑

j=1 

λ j = 1, λ  j ≥ 0, j = 1, .  .  .  ,  n, 

λ j ≥ 0, j = 1, ..., n, 
s− 
i ≥ 0, i = 1, ..., m, 
s+ 
i ≥ 0, r = 1, ..., s, 

(1) 

where X = [xij, i = 1, 2, …, m, j = 1, 2, …, n] is the  (m × n) matrix of  inputs, Y = 
[yrj, r = 1, 2, …, s, j = 1, 2, …, n] is the matrix of outputs (s × n) and the rows of 
these matrices for DMUk are, respectively, xT k and y

T 
k , where 

T is the transpose of a 
vector. Also, we presume a Variable Returns to Scale technology with the imposition 
of

∑n 
j=1 λ j = 1, j ≥ 0 (∀j). The value of 0 < ρ < 1 can be seen as the ratio of average 

inefficiencies of inputs and outputs. 
A DMUk is SBM-efficient if ρ∗ = 1, , meaning that the slacks (s− 

i and s+ 
i ) are  

null for all the inputs and outputs. 
Problem (1) can be converted into a linear problem, by applying a positive scalar 

variable t (see Tone (2001)). Further details on this modeling approach can be found 
in Tone (2001) and regarding SBM superefficiency in Tone (2002). 

2.2 Stochastic Frontier Analysis 

Fried et al. (2002) proposed a three-stage DEA model. In the first stage, the SBM 
model is applied to calculate the technical efficiency of each DMU, and the necessary 
changes required to the inputs and outputs to turn inefficient DMUs into efficient 
ones (i.e., the slacks). In the second stage, the slacks are grouped into three types: 
contextual variables, inefficient management, and statistical noise. The slacks are the 
dependent variables, while the contextual variables are the independent variables. The 
objective is to remove the influence of contextual factors and random errors. SFA is 
then used to modify the input and output factors (Aigner et al., 1977; Meeusen & 
Broeck, 1977). 

Therefore, the slack of each input obtained for every inefficient DMUj ( j = 
1, . . . ,  p) is:
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si j  = f
(
X j , β

i
) + vi j  + ui j  , i = 1, . . . ,  m; j = 1, . . . ,  p, (2) 

where si j  is the slack of input i of DMUj, f
(
X j , β i

)
is the slack frontier, and β i 

corresponds to the coefficients related to the contextual variables. Expression vi j  +ui j  
is the mixed error, vi j  is the statistical noise and ui j  is the management inefficiency. 
Generally, it is presumed that vi j  ∼ N

(
0; σ 2 v

)
and ui j  ∼ N +

(
μi ; σ 2 u

)
, where vi j  and 

ui j  are independent variables. 

Consider that γ = σ 2 u 
σ 2 u +σ 2 v 

. If  γ is near 1, it implies that the majority of the 
adjustment necessary to reach efficiency is related to management inefficiency. If γ 
is near 0, the random error is the prevalent factor. 

Subsequently, the adjusted input and output slacks are obtained by splitting the 
mixed error. According to Jondrow et al. (1982), the conditional inefficiency is given 
as: 

E
(
ui j |ui j  + vi j

) = 
σδ  

1 + δ2 

⎡ 

⎣ 
ϕ
(

ε j δ 
σ

)

∅
(

ε j δ 
σ

) + 
ε j δ 
σ 

⎤ 

⎦, (3) 

where δ = σu 
σv 

, ε  j = vi j  + ui j  , σ  2 = σ 2 u + σ 2 v , ϕ  and ∅ are, correspondingly, the 
density and distribution functions of the standard normal distribution. Hence, the 
expected value of random error is: 

E
(
vi j |ui j  + vi j

) = si j  − f
(
Z j , β

i
) − E

(
ui j |ui j  + vi j

)
, (4) 

Secondly, the input and output factors of each DMU are changed according to the 
SFA outcomes by removing the significant contextual effects and statistical noises. 

According to Tone and Tsutsui (2009), we begin by employing these formulas: 

x A i j  = xi j  − f
(
Z j , β̂ i

)
− v̂i j  (input) (5) 

y A r j  = yr j  + f
(
Z j , β̂r

)
+ v̂r j  (output). (6) 

The input data are adjusted using (5) as follows (Tone & Tsutsui, 2009): 

x AA  i j  = 
ximax  − ximin  

x A imax  − x A imin

(
x A i j  − x A imin

) + ximin, i = 1, . . . ,  m; j = 1, . . . ,  p (7) 

where 

ximin  = min 
k 

{xik}; ximax  = max 
k 

{xik}; x A imin  = min 
k

{
x A ik

}
and x A imax  = max 

k

{
x A ik

}
. 

Analogously, the outputs are changed using (6) as (Tone & Tsutsui, 2009):
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y AA  r j  = 
yrmax  − yrmin  

y A rmax  − y A rmin

(
y A r j  − y A rmin

) + yrmin, r = 1, . . . ,  s; j = 1, . . . ,  p (8) 

where 

yrmin  = min 
k 

{yrk}; yrmax  = max 
k 

{yrk}; y A rmin  = min 
k

{
y A rk

}
and y A rmax  = max 

k

{
y A rk

}
. 

Then again, the efficiency scores are computed through SBM by employing the 
previously adjusted inputs and outputs. 

3 Data 

3.1 Input and Output Factors 

This work is a follow-up of the work published by Henriques et al. (2022b) and, 
therefore, we have employed mostly the same input and output factors chosen therein 
for evaluating the efficiency of the execution of ERDF allotted to boost R&I in 
SMEs—see Table 1 and Fig. 1. All the information regarding these data is obtainable 
from Henriques et al. (2022b). 

Table 1 External and intermediate inputs and outputs selected for instantiating the SBM model 

Researchers 
working in 
improved 
infrastructures 

Enterprises 
supported 

Enterprises 
working with 
research 
institutions 

Enterprises 
supported for new 
to market products 

Total 
eligible 
spending 

Description Number of 
researchers 
working in 
improved 
research 
infrastructures 

Number of 
enterprises 
supported 

Number of 
enterprises 
cooperating 
with research 
institution 

Number of 
enterprises 
supported to 
introduce 
new-to-the-market 
products 

Eligible 
costs 
validated 

Type of factor Output Output Output Output Input 

Unit Number of 
researchers full 
time equivalent 

Number of 
enterprises 

Number of 
enterprises 

Number of 
enterprises 

Euro 

Classification Output 
indicator 

Process 
indicator 

Output 
indicator 

Process indicator Financial 
indicator 

Source Based on Henriques et al. (2022b)
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(a) (b) 

Researchers 
Working in 
Improved 

Infrastructur 
es 

Enterprises 
Supported 

Enterprises 
Working 

with 
Research 

Institutions 

Enterprises 
Supported 
for New to 

Market 
Products 

Mean 1,135.56 1,730.27 451.67 192.08 
Median 215.78 354 92 15 
Standard Deviation 3,220.25 3,971.88 896.93 474.43 
Minimum 10  0 0 0  
Maximum 18,538.90 19,250.00 4,169.00 2,475.00 
Count 53 53 53 53 

0.00 
5,000.00 

10,000.00 
15,000.00 
20,000.00 
25,000.00 

N
um

be
r 

Total Elegible Spending 
Mean 170,821,334.09 
Median 50,000,231.00 
Standard Deviation 402,568,083.73 
Minimum 817,920.00 
Maximum 2,654,718,365.00 
Count 53 

0.00 

500,000,000.00 

1,000,000,000.00 

1,500,000,000.00 

2,000,000,000.00 

2,500,000,000.00 

3,000,000,000.00 

Eu
ro

s 

Fig. 1 Descriptive statistics of Inputs and Outputs for output and process indicators a and for 
financial indicators b. Source Authors’ computation based on data from Henriques et al. (2022a, b) 

3.2 Contextual Factors 

The regional GDP at purchasing power parity per capita (GDPPPpc) was considered 
a contextual variable being used as a proxy to measure economic activity (Barbero 
et al., 2022; Diukanova et al., 2022; Hervás-Oliver et al., 2021). Besides, Barbero 
et al. (2022) concluded that the achievement of regional targets related to the ERDF 
TO1 has a positive impact on all economic indicators, including the GDP, in the 
selected regions (Greece, Italy, Portugal, and Spain). 

According to Diukanova et al. (2022), R&I and low-carbon European structural 
funds can exert substantial positive effects on the indicator of tertiary education 
attainment, thus the percentage of the population aged 25–34 who have finished 
university education was also considered in this set of contextual factors. 

Anderson and Stejskal (2019) used variables that fall into the category of human 
resource (lifelong learning, employment in knowledge-intensive activities), finance 
(public sector R&D expenditure, private sector R&D expenditure, sales of new-to-
market and new-to-firm innovations) and non-financial innovation structures (non-
R&D innovation expenditure). Additionally, as referred in Hervás-Oliver et al. 
(2021), the variation in the development of EU regions affects the innovation capacity 
of SMEs located in each territory and consequently, it is important to incorporate 
the variables that better capture innovation in SMEs (e.g., innovation activities like 
public and private R&D expenditures, non-R&D innovation expenditures, innovative 
SMEs collaborating with others). 

Therefore, we have used similar variables that were reported in the latest European 
Innovation Scoreboard (Hollanders, 2021). Finally, Sein and Prokop (2021) stress  
the key role of a firm’s R&D, which has proven to be a mediator of the effects 
of public funding and triple- and quadruple-helix cooperation on the product and 
process innovation activities of Norwegian firms. In this study, variables such as 
SMEs with product innovations and SMEs with business process innovations were 
used. Therefore, we considered, in this context, sales of new-to-market and new-to-
firm innovation. All the contextual variables shown in Table 2 (apart from GDPPPPpc 
whose data were obtained from the OECD website) were extracted from the European
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Table 2 Descriptive statistics of the contextual variables 

Contextual variables Mean Standard deviation Min Max 

GDPPPPPC 92.39 36.52 49.09 269.40 

Population with tertiary education 0.4807 0.2513 0.0512 1 

Lifelong learning 0.3649 0.2075 0.0145 1 

R&D expenditures public sector 0.4568 0.2386 0.0225 1 

R&D expenditures business sector 0.2781 0.2211 0.0143 1 

Non-R&D innovation expenditures 0.4573 0.2506 0 1 

Innovation expenditures per person 
employed 

0.5056 0.2039 0.0449 1 

Product process innovators 0.5519 0.2602 0.0460 1 

Business process innovations 0.5822 0.3139 0 1 

Innovative SMEs collaborating with 
others 

0.4401 0.2119 0.0566 1 

Patent Cooperation Treaty (PCT) patent 
applications 

0.3874 0.2592 0 1 

Employment knowledge-intensive 
activities 

0.4309 0.2346 0.0071 1 

Employment in innovative SMEs 0.5576 0.3056 0 0.9944 

Sales of new-to-market and new-to-firm 
innovations 

0.5150 0.1837 0.1148 0.8084 

Source Authors’ own elaboration 

Innovation Scoreboard (Hollanders, 2021), allowing to capture differences in SMEs 
innovation across regions. All these indicators are normalized between 0 and 1 at 
origin, to produce a composite indicator integrating variables from different scales. 
Table 2 shows the main descriptive statistics of the contextual variables. 

4 Discussion of Results 

The initial results were computed with the help of the Max DEA software and their 
descriptive statistics are depicted in Table 3.

From Table 3, it can be seen, in general, that the variability of the efficiency scores 
is bigger for efficient OPs than for inefficient ones (with the standard deviation 
varying between 0.25 and 0.15, for the first and the latter, respectively). Besides, 
inefficient OPs present very low mean efficiency scores (with an average potential 
improvement of efficiency of 94%). Figure 2 illustrates the number of OPs at several 
subintervals for the efficiency scores.

The number of OPs classified as efficient is 10 (Fig. 2).
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Fig. 2 Number of OPs at different subintervals of efficiency scores. Source Authors’ own 
elaboration

Out of the ten efficient OPs, the three most chosen as benchmarks are “Brussels 
Capital Region—ERDF” (41 times), “Aragón—ERDF” (17 times), and “Toscana— 
ERDF” (18 times)—see Table 4. The OP most frequently viewed as a benchmark 
is characterized as an “Innovation Leader” and manages to score in all the outputs 
examined in the assessment—see Table 4.

The SBM model also offers an outline of the changes that really should be made 
to inputs and outputs to convert inefficient OPs into efficient ones—see Fig. 3.

The ‘number of researchers working in improved R&I infrastructures’ has the 
largest potential for improvement (2174%), followed by ‘total eligible spending’ 
(−78%), the ‘number of enterprises supported for new-to-the-market products’ 
(71%), the ‘number of enterprises supported’ (46%) and the ‘number of enterprises 
working with R&I institutions’—see Fig. 3. All in all, like other studies, our findings 
also show the importance of the lack of skills as an obstacle to R&I OPs’ imple-
mentation (e.g., Belitz & Lejpras, 2016; Duarte et al., 2017; Gardocka-Jałowiec & 
Wierzbicka, 2019). These results also highlight the need to foster the cooperation 
and networking of SMEs with research institutions, thus corroborating Hervás-Oliver 
et al. (2021) findings. Besides, additionally, since there seems to be an overuse of 
the EU funding (because of the required reduction on eligible spending), our results 
suggest the validation of the ‘European paradox’ since there seems to exist an ‘inno-
vation gap’ in that supporting innovation inputs through public funding does not 
necessarily lead to innovation outputs (Hammadou et al., 2014; Radicic & Pugh, 
2017).



14 C. Henriques and C. Viseu

Ta
bl
e 
4 

C
ha
ra
ct
er
is
tic

s 
of
 e
ffi
ci
en
t O

Ps
 

D
M
U

E
ffi
ci
en
t 

sc
or
e 

N
um

be
r 
of
 

tim
es
 a
s 

be
nc
hm

ar
k 

R
es
ea
rc
he
rs
 

w
or
ki
ng
 in

 
im

pr
ov
ed
 

in
fr
as
tr
uc
tu
re
s 

E
nt
er
pr
is
es
 

su
pp
or
te
d 

E
nt
er
pr
is
es
 

w
or
ki
ng
 

w
ith

 
re
se
ar
ch
 

in
st
itu

tio
ns
 

E
nt
er
pr
is
es
 

su
pp
or
te
d 
fo
r 

ne
w
-t
o-
th
e-
m
ar
ke
t 

pr
od
uc
ts
 

To
ta
l e
lig

ib
le
 

sp
en
di
ng
 

In
no
va
tio

n 
pe
rf
or
m
an
ce
* 

A
ls
ac
e—

E
R
D
F

1.
06

3
18
9.
83

19
09

46
24

19
,1
04
,0
06

M
od
er
at
e 

in
no
va
to
r 

A
ra
gó
n—

E
R
D
F

1.
47

17
34
0

69
6

26
7

0
1,
39
9,
89
6

M
od
er
at
e 

in
no
va
to
r 

B
ru
ss
el
s 
C
ap
ita

l 
R
eg
io
n—

E
R
D
F 

1.
32

41
18
,5
39

14
5

83
65

6,
33
7,
59
7

In
no
va
tio

n 
le
ad
er
 

C
as
til
la
 y
 L
eó
n—

E
R
D
F

1.
11

7
33
3

0
30
76

0
69
,5
16
,8
17

M
od
er
at
e 

in
no
va
to
r 

C
om

pe
tit
iv
en
es
s 

E
nt
re
pr
en
eu
rs
hi
p 
an
d 

In
no
va
tio

n—
G
R
—
E
R
D
F/
E
SF

 

1.
88

5
84
7

34
0

0
0

81
7,
92
0

M
od
er
at
e 

in
no
va
to
r 

E
ng
la
nd
—
E
R
D
F

1.
63

5
78

19
,1
46

41
69

24
75

54
7,
40
8,
26
7

In
no
va
tio

n 
le
ad
er
 

E
xt
re
m
ad
ur
a—

E
R
D
F

1.
23

6
36
62

11
81

10
27

0
13
,8
96
,9
66

E
m
er
gi
ng
 

in
no
va
to
r 

M
ul
ti-
re
gi
on
al
 S
pa
in
—
E
R
D
F

1.
25

0
25
5

56
2

15
9

0
42
,9
66
,3
55

M
od
er
at
e 

in
no
va
to
r 

To
sc
an
a—

E
R
D
F

1.
16

18
23
8

44
70

12
16

22
89

18
9,
36
0,
20
5

St
ro
ng
 

in
no
va
to
r

(c
on
tin

ue
d)



Evaluating the Reasons Behind the Inefficient Implementation … 15

Ta
bl
e
4

(c
on
tin

ue
d)

D
M
U

E
ffi
ci
en
t

sc
or
e

N
um

be
r
of

tim
es

as
be
nc
hm

ar
k

R
es
ea
rc
he
rs

w
or
ki
ng

in
im

pr
ov
ed

in
fr
as
tr
uc
tu
re
s

E
nt
er
pr
is
es

su
pp
or
te
d

E
nt
er
pr
is
es

w
or
ki
ng

w
ith

re
se
ar
ch

in
st
itu

tio
ns

E
nt
er
pr
is
es

su
pp
or
te
d
fo
r

ne
w
-t
o-
th
e-
m
ar
ke
t

pr
od
uc
ts

To
ta
le
lig

ib
le

sp
en
di
ng

In
no
va
tio

n
pe
rf
or
m
an
ce
*

W
al
lo
ni
a—

E
R
D
F

1.
04

4
11
0

72
32

12
11

13
1

14
7,
51
2,
40
4

St
ro
ng
 

in
no
va
to
r 

* 
A
cc
or
di
ng
 to

 th
e 
R
eg
io
na
l I
nn
ov
at
io
n 
Sc
or
eb
oa
rd
 in

 2
02
1 
(H

ol
la
nd
er
s,
 2
02
1)
 

So
ur
ce
 A
ut
ho
rs
’ 
ow

n 
el
ab
or
at
io
n



16 C. Henriques and C. Viseu

0% 20% 40% 60% 80% 100% 

Improved R&I infrastructures 

New to market products 

Enterprises 

Working with R&I institutions 

Total Elegible Spending 

489 

121 

868 

299 

157,674,529 

11,112 

207 

1,267 

426 

33,945,543 

Original Projection 

Fig. 3 Average original factors versus their projections for inefficient OPs. Source Authors’ own 
elaboration

4.1 Results Obtained with SFA 

To remove the potential effects of contextual factors and random errors, the functional 
forms given in (4) were estimated. The slacks of the outputs were considered as 
dependent variables, originating four regressions models. The multicollinearity was 
evaluated through the variance inflation factor (VIF), which measures the strength of 
correlation between the independent variables. This indicator is always greater than 
or equal to 1. Table 5 illustrates the values of VIF considering three sets of variables. 
When VIF is higher than 10, there is significant multicollinearity that needs to be 
corrected, thus, in the first step, we began by removing the four contextual variables 
that verify such condition. Afterward, the VIF values for the remaining variables were 
calculated (see Table 5, second step). Usually, values within 1 and 5 are not deemed 
relevant to cause concern (Belsley, 1991; James et al., 2013), but it seemed prudent to 
recalculate the VIF values without the variables “Non-R&D innovation expenditures” 
and “Innovation expenditures per person employed” and “PCT patent applications”. 
The small values of VIF presented in Table 5 reveal that, when considering these 
variables, there is no problem of collinearity.

To run the SFA regression models, the R software, version 4.0.5 (RStudio Team, 
2021), particularly, the sfaR package version 0.1.1 was used (Dakpo et al., 2022). 
The final regression models are shown in Table 6.

In model (1), the value of γ is very close to zero, thus the statistical noise is 
in a dominant position. Furthermore, statistical noise and the contextual variables 
GDPPPPpc, Lifelong learning, and R&D expenditures of the public sector explain 
virtually all the variation that occurred in the slack of the output “Researchers working 
in improved infrastructures”. For the models (2), (3), and (4), the values of γ are near



Evaluating the Reasons Behind the Inefficient Implementation … 17

Table 5 VIF values 

Contextual variables VIF (1st step) VIF (2nd step) VIF (3rd step) 

GDPPPPpc 5.610 2.212 1.590 

Population with tertiary education 2.611 1.879 1.678 

Lifelong learning 3.955 3.290 1.962 

R&D expenditures public sector 4.747 2.079 1.485 

R&D expenditures business sector 6.034 3.497 1.604 

Non-R&D innovation expenditures 4.489 4.050 – 

Innovation expenditures per person 
employed 

4.927 4.560 – 

Product process innovators 11.337 – – 

Business process innovations 13.350 – – 

Innovative SMEs collaborating with 
others 

8.155 3.769 2.317 

PCT patent applications 7.489 4.203 – 

Employment knowledge-intensive 
activities 

12.199 – – 

Employment in innovative SMEs 24.199 – – 

Sales of new-to-market and new-to-firm 
innovations 

2.848 2.617 1.691 

Source Authors’ own elaboration

one and statistically significant (1%), this means that management problems are 
the principal cause of the achieved technical (in)efficiency. The contextual variables 
considered in model (2) cause a relevant effect on the slack since all the regression 
coefficients associated are significant (at the 1% level). Likewise, in model (3), we 
found statistically significant variables to explain the required adjustments in “Enter-
prises Working with Research Institutions.” Concerning model (4), since there are 
no statistically significant variables, no adjusted values are required for this output. 

According to Table 6, a rise in GDPPPPpc contributes to a larger neces-
sary increase of “Researchers Working in Improved Infrastructures”, “Enterprises 
Supported” and “Enterprises Working with Research Institutions”. On the one hand, 
regarding the two latter indicators, these findings seem to suggest that richer regions 
do not show a better use of ERDF targeted to strengthen R&I in SMEs. Bukvić et al.  
(2021) arrived at similar conclusions regarding the underuse of ERDF by SMEs 
in the Information and Communication Technologies sector in Croatia from 2014– 
2020. They ascertained that the difficulties and time required to submit, produce, 
and assess project proposals were a probable justification for these findings. Further-
more, Martinez-Cillero et al. (2020) reported that SMEs’ investments are poorer 
than would be anticipated by standard economic models, proposing that these firms 
are particularly sensitive to funding difficulties. Another possible explanation might 
be related to the use of further financing opportunities in the framework of other 
funding programs (outside ERDF). On the other hand, regarding the first indicator,
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Table 6 SFA analysis results 

Variables Slacks 

Researchers 
working in 
improved 
infrastructures (1) 

Enterprises 
supported (2) 

Enterprises 
working with 
research 
institutions (3) 

Enterprises 
supported for 
new-to-the-market 
products (4) 

Constant 12,250.961 −34.988*** −87.114*** 44.436 

GDPPPPpc 51.398* 0.389*** 0.135** −0.146 

Population with 
tertiary education 

– 127.327*** 18.427*** −8.531 

Lifelong learning −16,132.525*** −108.351*** −36.908 8.531 

R&D 
expenditures 
public sector 

−8009.262* 64.496*** 153.145*** −6.639 

R&D 
expenditures 
business sector 

3053.671 277.625*** −64.817* 24.805 

Innovative SMEs 
collaborating 
with others 

5076.931 −403.234*** −36.068 31.888 

Sales of 
new-to-market 
and new-to-firm 
innovations 

– – 79.961*** −118.122 

Sigma-squared 34,977,953*** 2,289,881*** 41,405*** 120,379*** 

Gamma 0.003 0.99** 0.99*** 0.99*** 

Log-likelihood 
function 

−434.469 −346.055 −259.779 −282.7234 

*, ** and *** Significance at the 10%, 5% and 1% levels, respectively 
Source Authors’ own elaboration

these outcomes also highlight the need to handle the lack of skilled researchers, a 
major hurdle to innovation also identified in more developed regions (Hölzl & Janger, 
2014). 

Additionally, a higher percentage of the population with tertiary education does 
not lead to an efficient number of “Enterprises Supported” and “Enterprises Working 
with Research Institutions” supported. These results might suggest that higher educa-
tion institutions should be further contributing to the actual needs of the economy. In 
this framework, initiatives should be promoted to increase the relationship of SMEs 
with higher education institutions, since this type of linkage can be beneficial for the 
innovation environment (Kobarg et al., 2018; Rajalo & Vadi, 2017). 

Lifelong learning seems to be positively associated with a better performance 
of the outputs “Researchers Working in Improved Infrastructures” and “Enterprises 
Supported” because it is negatively related to their required improvements. These 
outcomes may be explained by the abundance of the population involved in lifelong
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learning activities in the generality of MS (Anderson & Stejskal, 2019). Besides, 
these findings also suggest that coordinated lifelong learning policies play a pivotal 
role in propelling innovation and progress among MS and regions. 

R&D expenditures within the public sector seem to have a positive contribution to 
the required enhancement of the adjustments on “Researchers Working in Improved 
Infrastructures”, with the opposite effect on the number of “Enterprises Supported” 
and “Enterprises Working with Research Institutions”. On the one hand, these results 
highlight the positive effect of public R&D spending on education attainment (i.e., 
a higher number of skilled researchers) since these are also linked with expenses 
in the higher education public sector. However, the two latter findings may imply 
that increased R&D expenditures within the public sector are not a viable strategy to 
mitigate SMEs’ inability to engage in R&D (Hervás-Oliver et al., 2021). This might 
also suggest that EU SMEs cannot absorb the spillover effects from public R&D 
(Rodríguez-Pose & Wilkie, 2019). Furthermore, since the R&D expenditures within 
the business sector show a positive effect on the required enhancement of “Enterprises 
Working with Research Institutions” (i.e., a reduction of the necessary adjustment 
to become efficient), these findings appear to demonstrate the lesser influence of 
public R&D in SME innovation compared to private R&D. Similarly, results were 
also attained by Hervás-Oliver et al. (2021). 

In what concerns the innovative SMEs collaborating with others as a percentage 
of SMEs, there is a positive effect both on the number of “Enterprises Supported” 
and the “Enterprises Working with Research Institutions” (the enhancement required 
in these two outputs is negative). In a similar context, Hervás-Oliver et al. (2021) 
concluded that SME collaboration with exterior sources of knowledge (either supply-
chain actors and competitors or universities or other sources of research) is positively 
related to regional SME innovation. 

Finally, sales of new-to-market and new-to-firm innovations require a further 
enhancement of the number of “Enterprises Working with Research Institutions” 
(the enhancement required in this output is positive). These findings might be influ-
enced by the fact that this contextual variable does not make a distinction between 
incremental and radical innovation, also considering non-technological innovations 
(Apa et al., 2021). 

4.2 Results Obtained with the Adjusted Factors 

Table 7 shows that efficient OPs hardly change their average efficiency scores with 
the adjusted factors (the standard deviation is the same, i.e., 0.27). Besides, the effi-
ciency scores are bounded within the same interval, i.e., [1.04, 1.88], demonstrating 
efficiency scores bigger than 1.24 for more than 50% of the efficient OPs. Also, 
inefficient OPs decrease the variability of their efficiency scores (with a standard 
deviation of 0.11 against the previous 0.15, with more than 50% of inefficient OPs 
having efficiency values just under 0.06) and increased their average efficiency from 
0.06 to 0.10 (underlining the importance of the contextual variables).
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Figure 4 depicts the difference in the technical efficiency of the OPs with and 
without adjusted factors. 

Figure 5 illustrates the greatest efficiency gains attained with the adjusted factors. 
When contrasted with the first step of the analysis, “Competitiveness and Cohesion– 
HR—ERDF/CF” demonstrated the greatest gain in efficiency, with values going from 
0.0003 to 0.0676. Overall, these outcomes suggest that the inefficiencies originally 
computed for these OPs were not solely the result of their low technical level but 
were also related to their contextual factors. 

Then again, out of the ten efficient OPs, the three most chosen as benchmarks are 
“Brussels Capital Region—ERDF” (39 times), “Aragón—ERDF” (20 times), and 
“Toscana—ERDF” (17 times) and “Extremadura—ERDF” (15 times).
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Fig. 4 Efficiency scores for the efficient OPs obtained with adjusted and non-adjusted factors. 
Source Authors’ own elaboration 
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Fig. 5 Efficiency scores for the efficient OPs with the greatest efficiency gains obtained with 
adjusted and non-adjusted factors. Source Authors’ own elaboration 
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5 Conclusions and Further Research 

The primary purpose of this article was to evaluate the reasons behind the inefficiency 
of the OPs devoted to boosting R&I in SMEs. With this aim, we assessed 53 OPs 
within TO1 from 19 EU MS. To begin with, the SBM modeling approach is utilized to 
calculate the technical efficiency of every OP. At this stage, important data about the 
overall adjustments that should be made to reduce any disparities between inefficient 
OPs and their corresponding benchmarks are obtained. 

Unlike other commonly used techniques applied in comparable situations, such 
as reference cases, econometric and statistical methods, and macroeconomic and 
microeconomic analyses, the SBM model can be particularly useful for MA, as it 
enables them to identify the references of best practices and the required changes 
to improve the OPs’ implementation performance, also contemplating their perfor-
mance in two different stages. The second phase consists of employing SFA to the 
slacks of inefficient OPs to change the inputs and outputs after removing environ-
mental effects and statistical noise. At this stage, information is extracted about how 
environmental factors may influence the efficiency of ERDF deployment in distinct 
OPs devoted to the promotion of R&I in SMEs, as well as the magnitude of manage-
ment flaws. Finally, the previously corrected factors are employed in the SBM model 
to obtain new efficiency ratings. 

Our main conclusions are discussed next. 
RQ1: “Which contextual variables show a relevant effect on the inefficiencies of 

the OPs committed to boosting R&I in SMEs?” 
Our results indicate that more developed regions do not make efficient use of 

ERDF aimed at promoting R&I in SMEs. The difficulty and time necessary to submit, 
develop and evaluate the project proposals, and the higher vulnerability of these types 
of enterprises to financial issues are possible explanations for these poor results. Alter-
natively, these findings can also be attributed to the utilization of additional financing 
options within the context of other funding programs. Furthermore, these results also 
demonstrate the need of addressing the shortage of trained researchers, which has 
been recognized as a key barrier to innovation in more developed regions. Besides, 
a larger percentage of the population with university education does not result in an 
adequate number of “Enterprises” and “Enterprises Working with Research Institu-
tions” supported. These findings may imply that higher education institutions should 
contribute more to the economy’s genuine demands. Initiatives should be pushed in 
this framework to strengthen SMEs’ relationships with higher education institutions 
since this form of collaboration can be advantageous to the innovation environment. 

Lifelong learning appears to be favorably correlated with the higher performance 
of the outputs “Researchers Working in Improved Infrastructures” and “Enterprises 
Supported”. Hence, our results indicate that integrated lifelong learning strategies 
are critical in accelerating innovation among MS and regions.
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R&D expenditures in the public sector appear to contribute positively to the needed 
enhancement of the adjustments on “Researchers Working in Improved Infrastruc-
tures” but have the opposite effect on the number of “Enterprises Supported” and 
“Enterprises Working with Research Institutions”. On the one hand, these findings 
indicate the favorable impact of these expenditures on educational attainment because 
they are also connected to expenditures in the public higher education sector. The two 
latter findings, however, may suggest that greater R&D expenditures in the public 
sector are not a realistic option for mitigating SMEs’ incapacity to engage in R&D. 
This might also imply that SMEs cannot absorb spillover effects from governmental 
R&D. 

Additionally, because R&D expenditures in the business sector have a beneficial 
impact on the required improvement of “Enterprises Working with Research Institu-
tions”, these findings appear to show that public R&D has a lesser influence on SME 
innovation compared to private R&D. 

Concerning innovative SMEs cooperating with others as a proportion of SMEs, 
there is a favorable influence of this contextual variable both on the number of 
“Enterprises” and on “Enterprises Working with Research Institutions” supported. 
Therefore, it might be ascertained that the collaboration of SMEs with external 
sources of knowledge is positively connected to regional SME innovation. 

Finally, sales of new-to-market and new-to-firm innovations have a negative effect 
on the number of “Enterprises Working with Research Institutions” (the enhancement 
required in this output is positive). These findings might be impacted by the fact 
that this contextual variable does not distinguish between incremental and radical 
innovation, as well as non-technological breakthroughs. 

RQ2: “What are the impacts of considering contextual factors on the efficiency 
of the OPs?” 

If the factors are adjusted according to Tone and Tsutsui (2009), 19% of OPs 
(10) manage to attain technical efficiency in any case, indicating that the effects of 
contextual factors are more visible on inefficient OPs. The biggest gap in efficiency 
was found in inefficient OPs that showed an average efficiency gain of 67%. The most 
efficient regions regardless of the adjustments were “Competitiveness Entrepreneur-
ship and Innovation—GR—ERDF/ESF”, “England—ERDF” and “Multi-regional 
Spain—ERDF”, with values of efficiency ranging between 1.25 and 1.88. In general, 
it can be concluded that the technical efficiency of the OPs classified as efficient was 
mostly driven by good management practices. 

Although this work gave new perspectives on the evaluation of OPs dedicated 
to R&I in EU SMEs, it had limitations. Though the performance framework made 
available by the European Commission includes a set of procedural indicators, there 
is no full correspondence between the data collected for the OPs’ accomplishments 
and their financial execution. Secondly, since the data available is often sparse, our 
evaluation was applied to a reduced number of OPs. 

Whereas our work focused on an assessment technique for use throughout the 
reporting phases of the programmatic cycle, future work should address ex-post 
assessment, with a special emphasis on the spillover effects of the OPs under TO1.
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Are ERDF Devoted to Boosting ICT 
in SMEs Inefficient? Insights Through 
Different DEA Models 

Carla Henriques and Clara Viseu 

Abstract We evaluated the execution of operational programs (OPs) targeted at 
increasing the adoption of information and communication technologies (ICT) in 
small and midsize enterprises (SMEs). As a result, we employed two different data 
envelopment analysis (DEA) models to evaluate 51 OPs from 16 countries, contem-
plating data provided to the European Union (EU). All in all, we observed that 
almost 20% of the OPs (10) achieved efficient procedural outcomes, with the slack-
based method (SBM) and with the weighted Russel Directional Distance model 
(WRDDM), respectively. Two of the OPs most frequently viewed as benchmarks 
were in Spain (the country that uses “vouchers” simplifying processes), remaining 
robustly efficient for data perturbations of 5% and 10%. The ‘number of opera-
tions supported’ is the metric that necessitates more consideration according to both 
models. Overall, these findings show the robustness of results with both methods, 
highlighting a higher discriminatory power of the second method, particularly for 
inefficient OPs. Finally, the unsuccessful findings attained might be linked to bureau-
cratic procedures and SMEs’ incapacity to deal with the complicated processes 
involved in obtaining and implementing European Regional Development Fund 
(ERDF) proposals. As a result, it is critical to provide the extra help that reduces 
managerial requirements while also meeting the demands of SMEs. 
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1 Introduction 

Various efforts have been undertaken over the last ten years to investigate the signif-
icance of ICT use in SMEs, leading to a huge array of published studies. Taylor 
(2015) explored two theoretical foundations in this respect: ‘diffusion of innovation 
theory’ (Rogers et al., 2014) and ‘technology, organization, and environment struc-
ture’ (Tornatzky and Fleischer, 1990) to provide a thorough solid background for 
SMEs’ usage of ICT. This comprehensive framework contains a taxonomy that covers 
several of the most important internal and external variables influencing SMEs’ ICT 
adoption. Mbuyisa and Leonard (2017), on the other hand, studied the link between 
ICT, SMEs, and poverty alleviation. To begin, this study emphasizes the significance 
of ICT deployment in SMEs. Following that, it investigates how SMEs might use 
ICTs to help them eliminate poverty. Disparities in ICT availability among orga-
nizations were also investigated in a study on the digital divide (DD) among firms 
conducted by Bach et al (2013). This assessment looked at the region, firm type, and 
research period, and the impact and causes of DD. Another study examined the key 
reasons, repercussions, and barriers to ICT adoption in SMEs (Consoli, 2012). Taruté 
and Gatautis (2014) evaluated the possible impact of ICT on SMEs’ competitiveness. 
Lehner and Sundby (2018) examined the importance of ICT skills and competencies 
for SMEs from several perspectives. 

Oberländer et al. (2020) assessed the subject of workplace digital competencies. 
Isensee et al. (2020) developed a conceptual model to emphasize the connections 
among three domains, to present the first comprehensive picture of organizational 
behavior, sustainability, and digitalization levels in SMEs, as well as their intercon-
nections. They found that their strategies, organizational key competencies, gover-
nance, and mindsets are by far the most explored cultural features. Another recent 
study (Ramdani et al, 2022) looked at digital innovation in SMEs and discovered that 
it is driven by past experiences, progresses throughout many stages of innovation, and 
results in organizational and corporate ongoing learning. Similarly, Thrassou et al. 
(2020) did a literature review to help identify the major problems and possibilities 
for SMEs in the framework of digitization and ICT advancements. 

Overall, none of the previous studies focuses on the evaluation of ICT policy. 
According to Reggi & Gil-Garcia (2021), there has been a lack of scholarly attention 
on how to select the best approaches for allocating funding amongst diverse ICT 
initiatives. Moreover, limited researchers have attempted to determine if this sort of 
funding is delivered in line with some of the most pressing requirements of each 
place (Kleibrink et al., 2015; Reggi & Scicchitano, 2014). Ex-post assessments are 
frequently utilized in research evaluating European structural funding awarded to ICT 
(Kleibrink et al., 2015; Reggi & Scicchitano, 2014). There is additional research that 
provides an ex-ante assessment of the factors influencing funding distribution among 
various ICT activities (Reggi & Gil-Garcia, 2021). 

Nonetheless, no research has been undertaken so far that compares the implemen-
tation of OPs connected to ICT policies to their peers throughout the same period, or 
that indicates the modifications that must be applied to achieve the OPs’ efficiency.
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Consequently, the objective of this paper is to contribute to the existing literature 
by employing a mathematical method that allows Management Authorities (MA) 
to better assess the implementation of OPs focused on ICT deployment in SMEs 
by using two non-parametric methodologies, specifically the SBM and the WRDD 
models. In this context, the research questions (RQ) that this work seeks to answer 
are as follows: 

RQ1: “What indicators restrict the successful use of ERDF allocated to enhance 
ICT adoption in EU SMEs?” 

RQ2: “What OPs are generally elected as benchmarks across the assessed time 
frame?” 

RQ3: “What OPs demonstrate more resilience in terms of their efficiency 
classification in the context of changes in the indicators used?” 

The following is the structure for this paper. Section 2 describes the fundamental 
principles behind the methodologies proposed to evaluate the implementation of 
the OPs under consideration. Section 3 discusses the main reasons for selecting 
the inputs and outputs, also presenting their descriptive statistics. The main results 
are discussed in Sect. 4. Section 5 summarizes the important findings, examines 
prospective political implications, identifies critical weaknesses, and suggests future 
research directions. 

2 Methodology 

Classical DEA techniques, such as the CCR (Charnes et al., 1978) and BCC (Banker 
et al., 1984), are radial, which means that they can only manage proportional changes 
in the inputs (resources) or outputs (outcomes). Consequently, the CCR and BCC 
efficiency ratings produced indicate the highest proportionate input (output) contrac-
tion (expansion) rates for all inputs (outputs). Unfortunately, this sort of premise is 
frequently not met. As a result, we utilize the SBM model (Tone, 2001), which 
provides for a much more extensive evaluation of efficiency since it is non-radial 
(i.e., inputs and outputs can adapt non-proportionally) and non-oriented (i.e., enables 
addressing simultaneous changes of the inputs and outputs). In addition, we applied 
the WRDDM (Chen et al., 2015), which allows us to decompose inefficiencies. 

2.1 The SBM and the WRDD Models 

Consider a set of n DMUs (DMU1, DMU2, . . . ,  DMUn) with X = [xij, i = 1, 2, …, m, 
j = 1, 2, …, n] the  (m × n) matrix of  inputs, Y = [yrj, r  = 1, 2, …, s, j = 1, 2, …, n] the  
matrix of outputs (s × n) and the rows of these matrices for DMUk are, respectively, 
xT 
k and y

T 
k ,, where 

T is the transpose of a vector. Also, assume a Variable Returns to 
Scale (VRS) technology with the imposition of

∑n 
j=1 λ j = 1, λ  j ≥ 0

(∀ j
)
..
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The SBM model The WRDDM 

Min 

λ, s−, s+ 
ρ = 

1− 1 m
∑m 

i=1 s
− 
i /xik  

1+ 1 
s

∑s 
r=1 s

+
r /yrk  
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(
∑

i
� i 
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s.t. 
n∑

j=1 
λ j yr j  ≥ yrk  + αr 

k gyr , r = 

1, . . . ,  s, 
n∑

j=1 
λ j xi j  ≤ xik  − ζ i k gxi  , i = 1, . . . ,  m 

n∑

j=1 
λ j = 1, λ  j ≥ 0, j = 1, . . . ,  n, 

(2) 

Where the value of 0 < ρ 
< 1 can be seen as the 
ratio of average 
inefficiencies of inputs 
and outputs. A DMUk is 
SBM-efficient if ρ∗ = 1, 
meaning that the slacks 

(s− 
i and s+ 

i ) are null for 
all the inputs and outputs 

Where αr 
o and ζ i o are the inefficiency 

values for every output and input, 

respectively, and β R k is the overall 

inefficiency. ζ i ogxi  is the reduction needed 
on xik  and αr 

ogyr is the needed increase 
on yrk  to turn DMUk into an efficient 
DMU. The directional vectors gx and gy 

are such that
(−gx , gy

) = (−xk , yk
)

A DMUk is efficient when β R k = 0. wy 

and wx , with wy + wx = 1, are weights 
that assign the importance of the outputs 
and inputs. The importance of the 
inefficiencies of every factor is defined 

such that
∑

rεO
� r 

y = 1,
∑

iε I
� i 

x = 1 

Model (1) can be transformed into a linear problem, by using a positive scalar 
variable t (for further details see Tone (2001)). 

The set of benchmark DMUs for each inefficient DMUk in both models is Ek ={
j : λ∗ 

j > 0, j = 1, . . . ,  n
}
and the reference point for each inefficient DMUk is 

obtained as:

(
x̂k, ŷk

) = (
xk − s−∗, yk + s+∗) = 

⎛ 

⎝
∑

jεEk 

λ∗ 
j x j ,

∑

jεEk 

λ∗ 
j y j 

⎞ 

⎠. (3) 

The WRDDM model’s measure of inefficiency may be translated into a slack 
based measure departing from problem (4):
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max

(

wy

(
∑

r

� r 
y 

s+′
r 

gyr

)

+ wx

(
∑

i

� i 
x 

s−′
i 

gxi

))

s.t. 
n∑

j=1 

λ j yr j  = yro  + s+′
r , r = 1, . . . ,  s, 

n∑

j=1 

λ j xi j  = xio  − s−′
i , i = 1, . . . ,  m, 

n∑

j=1 

λ j = 1, λ  j ≥ 0, j = 1, . . . ,  n, 

s+′
r ≥ 0(∀r ), s−′

i ≥ 0(∀i ). 

(4) 

Let
(
s+∗′
r , s−∗′

i , λ∗ 
j

)
be the optimal solution to problem (4). The WRDDM 

inefficiency measure can be decomposed from:

(

wy

(
∑

r 

αr∗′
o

)

+ wx

(
∑

i 

ζ i∗′
o

))

, where αr∗′
o = � r 

y 

s+′
r 

gyr 
· e · ζ i∗′

o = � i 
x 

s−′
i 

gxi  
(5) 

3 Data 

The input and output indicators used for measuring the efficiency of ERDF dedicated 
to ICT adoption in SMEs were picked from a set of measures mandated by the EU.1 

3.1 Input and Output Factors 

3.1.1 “Total Eligible Costs Decided” and “Total Eligible Spending” 

The criteria used to measure the capacity of the OPs’ absorption are “total eligible 
spending” and “total eligible costs decided”. The former concerns qualified costs 
that have been documented and verified by a decision authority. Therefore, this 
component is employed as an output since the more the value assigned to it, the 
greater the financial implementation of each operation. The latter is regarded as an 
input since it relates to the resources that are available to the initiatives selected for 
support, which must be maintained as low as possible.

1 Available online: https://cohesiondata.ec.europa.eu/2014-2020-Categorisation/ESIF-2014-2020-
categorisation-ERDF-ESF-CF-planned-/3kkx-ekfq (accessed 30th March 2022). 

https://cohesiondata.ec.europa.eu/2014-2020-Categorisation/ESIF-2014-2020-categorisation-ERDF-ESF-CF-planned-/3kkx-ekfq
https://cohesiondata.ec.europa.eu/2014-2020-Categorisation/ESIF-2014-2020-categorisation-ERDF-ESF-CF-planned-/3kkx-ekfq
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3.1.2 Number of Operations Supported 

The “number of operations supported” alludes to the number of projects financed 
by the ERDF. The greater the number of projects funded, the greater the prospect of 
improving organizational ICT usage. Consequently, this indicator is an output. 

Table 1 shows the descriptive statistics of the inputs and outputs used in the OPs’ 
efficiency appraisal. 

4 Discussion of Results 

Results for the SBM model were obtained using Max DEA software, whereas for 
the WRDD model were obtained through an Excel Visual Basic-based application 
created by the authors for solving our DEA models that uses Excel Solver as the 
backend. The descriptive statistics thus obtained with both models are shown in 
Fig. 1.

Figure 1 shows, as expected, that efficient OPs have larger mean scores than 
inefficient ones. Nevertheless, there is a lower variability of the scores obtained for 
efficient OPs with the WRDD model when compared to those computed with the 
SBM model (efficiency within the range [1, 1.31] and [1.00, 1.71] and at least 50% of 
efficient OPs having efficiency values greater 1.07 and 1.16 according to the WRDD 
and SBM models, respectively). Besides, inefficient OPs have a wide variety of 
efficiency ratings, particularly with WRDD model scores ranging from −205.37 to 
0.98 against those of the SBM model which goes from 0 to 0.96. On the one hand, the 
WRDD model has a weighted additive objective function (that weights the average 
percentual inefficiency of the inputs and outputs factors) whose inefficiency scores 
can be higher than one (i.e., it might be necessary for an increase higher than 100% 
on the outputs), and thus the inherent efficiency scores

(
1 − β R k

)
can be negative.

Table 1 Descriptive statistics 
of the inputs and outputs 

Statistics Total eligible 
spending 

Number of 
operations 

Total eligible 
costs decided 

Mean 15,861,300 409 28,169,468 

Standard 
deviation 

38,520,025 1,068 63,497,428 

Minimum 68,486 1 251,294 

Maximum 237,904,467 5,457 311,154,920 

Count 51 51 51 

Source Authors’ own elaboration. Data available online at: 
https://cohesiondata.ec.europa.eu/2014-2020-Categorisation/ 
ESIF-2014-2020-categorisation-ERDF-ESF-CF-planned-/3kkx-
ekfq. (Accessed 30th March 2022) 

https://cohesiondata.ec.europa.eu/2014-2020-Categorisation/ESIF-2014-2020-categorisation-ERDF-ESF-CF-planned-/3kkx-ekfq
https://cohesiondata.ec.europa.eu/2014-2020-Categorisation/ESIF-2014-2020-categorisation-ERDF-ESF-CF-planned-/3kkx-ekfq
https://cohesiondata.ec.europa.eu/2014-2020-Categorisation/ESIF-2014-2020-categorisation-ERDF-ESF-CF-planned-/3kkx-ekfq
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Fig. 1 Descriptive statistics of the results obtained with the SBM and WRDD models. Source 
Authors’ own elaboration

Overall, these findings show the highest discriminatory power of inefficient OPs in 
the WRDD model. 

The top four OPs elected as benchmarks are “Extremadura—ERDF” (27 and 
29, with SBM and WRDD models, respectively), “País Vasco—ERDF” (26 and 
24, with SBM and WRDD models, respectively), “Provence-Alpes-Côte d’Azur— 
ERDF/ESF/YEI” (20 with both models) and “Multi-regional Spain—ERDF” (14 and 
21, with SBM and WRDD models, respectively)—see Fig. 2. Remarkably, each of 
these regions is located in MS that are among the biggest players in ICT support for 
SMEs (Pellegrin et al., 2018). Furthermore, the results of the Spanish regional OPs are 
in line with the conclusions of Ruiz-Rodríguez et al. (2018). For these researchers, 
Spanish regions have an intermediate or greater degree of digital innovation than 
their EU peers, as well as a reduced digital divide (DD) (i.e., a smaller disparity in 
firm digitization) than that of the other European MS. Interestingly, in the research 
reported by Ruiz-Rodríguez et al. (2018), Greece and Bulgaria were identified as the 
countries whose enterprises were last placed concerning digital adoption (based on 
2015 data), highlighting the measures undertaken by these MS in the implementation 
of ICT by SMEs in the latest program time frame.

Both the SBM and the WRDD models also deliver information on the required 
changes that inputs and outputs should undergo to turn inefficient OPs into efficient 
ones (Fig. 3).

The ‘number of operations supported’ has the largest potential for improvement 
in both models (313% and 376%, according to the SBM and WRDD models, respec-
tively), while ‘eligible cost decided’ necessitates a higher decrease with the SBM
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Fig. 2 Characteristics of efficient OPs according to the SBM and WRDD models. Source Authors’ 
own elaboration

model (−22% against −5% with the WRDD model) and ‘eligible spending’ neces-
sitates smaller changes with this same model (2% against 17% with the WRDD 
model)—see Fig. 3. Overall, the WRDD ends up being more demanding about the 
outputs whereas the SBM model is more demanding regarding the input. Finally, 
with the decomposition of inefficiency (with the WRDD model) it is also possible 
to conclude that the ‘Number of operations’ supported has an average effect on the 
inefficiency of 93%, while ‘Total eligible spending’ only has an impact of about 6%. 

4.1 Robustness Study 

Deterministic values are used both for inputs and outputs in conventional DEA 
approaches. However, the values considered to represent the input and output data are 
sometimes uncertain. Usually, the original DEA model is converted into two models, 
thus allowing to attain the upper and lower bounds of the efficiency scores. In the
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Fig. 3 Improvement potential for the OPs with the SBM and WRDD models. Source Authors’ own 
elaboration

first model, all DMUs’ outputs are raised while their inputs are lowered, except for 
the DMU under examination (i.e., DMUk worsens its efficiency performance while 
the remaining DMUs improve their efficiency performance). In the second scenario, 
the opposite case occurs (Henriques & Marcenaro, 2021). The robustness assess-
ment was conducted by employing data perturbations of 5% and 10% on the original 
data.
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4.1.1 Robustness Study 

According to our findings in Figs. 4a and b, only four OPs managed to hold efficiency 
for both data change scenarios according to both DEA models: “Enterprise and Inno-
vation for Competitiveness—CZ—ERDF” (1st in terms of robustness with the SBM 
and 3rd with the WRDD models, respectively), “Provence-Alpes-Côte d’Azur— 
ERDF/ESF/YEI” (2nd in terms of robustness with both models), “Multi-regional 
Spain—ERDF” (3rd in terms of robustness with the SBM and 4th with the WRDD 
models, respectively), and “Extremadura—ERDF” (4th in terms of robustness with 
the SBM and 1st with the WRDD models, respectively). Additionally, while with 
the WRDD model 41% of the OPs are robustly inefficient, with the SBM model this 
value rises to 55%. Ultimately, these data indicate a weak utilization of ERDF in 
SMEs’ ICT adoption. These findings support those of Pellegrin et al. (2018), who 
established that the EU lags behind its competitors (United States, Japan, and South 
Korea) in respect of ICT usage and connectivity, especially among SMEs. 
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Fig. 4 Robustness analysis per OP with the SBM a and WRDD b models. Source Authors’ own 
elaboration
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5 Conclusions and Further Research 

The main objective of this paper is to contrast the efficiency reached in the procedural 
efficiency of 51 OPs related to ICT assistance in SMEs from 16 EU MS according 
to two DEA models. We employ both the SBM and the WRDD models, which are 
both non-radial and non-oriented, to evaluate if the results obtained were robust. 

Our main conclusions are provided next. 
RQ1: “What indicators restrict the successful use of ERDF allocated to enhance 

ICT adoption in EU SMEs?” 
The ‘number of operations supported’ has the greatest room to improve in both 

models (313% and 376%, as per SBM and WRDD models, respectively), whereas 
‘eligible spending decided’ usually requires a significant decline with the SBM model 
(−22% versus −5% with the WRDD model) and ‘eligible spending’ requires minor 
changes with the very same model (2% versus 17% with the WRDD model). Essen-
tially, the WRDD model is much more demanding of outputs, while the SBM model 
is much more demanding of inputs. Finally, based on the breakdown of inefficiency 
(using the WRDD model), it is reasonable to determine that the ‘Number of opera-
tions’ supported has a 93% average influence on inefficiency, whilst ‘Total eligible 
spending’ only has a 3% impact. 

RQ2: “What OPs are generally elected as benchmarks across the assessed time 
frame?” 

The four leading benchmarks are “Extremadura—ERDF” (27 and 29, using SBM 
and WRDD models, respectively), “País Vasco—ERDF” (26 and 24, using SBM and 
WRDD models, respectively), “Provence-Alpes-Côte d’Azur—ERDF/ESF/YEI” 
(20 using both models), and “Multi-regional Spain—ERDF” (14 and 21, using SBM 
and WRDD models, respectively). Surprisingly, every one of these regions is situated 
in MS that have a major participation in ICT assistance for SMEs (Pellegrin et al., 
2018). In this regard, it is worth noting that two of these OPs are in Spain (Pellegrini 
et al., 2018), where the use of “vouchers” has proven to be an effective means of 
engaging SMEs and giving them the help that is simple to administer and specific to 
their requirements. 

RQ3: “What OPs demonstrate more resilience in terms of their efficiency 
classification in the context of changes in the indicators used?” 

Just four OPs continued to preserve efficiency for both data changes under both 
DEA models: “Enterprise and Innovation for Competitiveness—CZ—ERDF” (1st 
in terms of robustness with the SBM and 3rd with the WRDD models, respectively), 
“Provence-Alpes-Côte d’Azur—ERDF/ESF/YEI” (2nd in terms of robustness with 
both models), “Multi-regional Spain—(4th in terms of robustness with the SBM and 
1st with the WRDD models, respectively). Furthermore, whereas the WRDD model 
has 41% of the OPs being robustly inefficient, the SBM model has 55%. 

All in all, the results obtained with both models are generally consistent. In the end, 
it can be stated that SMEs’ recourse to ESIF (particularly ERDF) is restricted. These 
findings might be related to their lack of organizational knowledge to interact with the 
numerous technicalities involved in applying for and executing ERDF operations. As
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regards ICT, this challenge becomes more urgent when compared to ‘conventional’ 
SME operations. As a result, operations in a sector known for sudden growth, such 
as ICT, need greater flexibility and competence. Therefore, MA should seek ways to 
give extra support that simplify operations while meeting the needs of SMEs. 

Additionally, our research highlights the shortage of measures for measuring 
the performance of ESIF funding committed to ICT help in SMEs. Future work 
should address the impact of contextual variables on the outcomes herein obtained 
to understand the true reasons behind these poor results. 
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Abstract We employ a three-stage data envelopment analysis (DEA) model coupled 
with Stochastic Frontier Analysis (SFA) by using data made freely available by the 
European Commission, to evaluate the procedural efficiency of 51 OPs from 16 coun-
tries committed to fostering the adoption of Information and Communication Tech-
nologies (ICT) in small mid-sized enterprises (SMEs). We depart from the results 
obtained in the previous Chapter with two DEA models, specifically the Slack Based-
Measure (SBM) and the Weighted Russel Directional Distance (WRDD) model. 
Firstly, we adjust the input and output factors through the SFA by removing the 
influence of environmental factors and statistical noise. Secondly, we instantiate the 
previous DEA models with adjusted factors, to compute new efficiency factors. All in 
all, we observed that by removing these contextual effects, nearly 27% of the OPs (14) 
vs. 30% of the OPs (16) using the SBM and the WRDD approaches, respectively, 
achieved efficient procedural outcomes, compared to 20 percent (10) without the 
consideration of these factors. The OP “Multi-regional Spain - ERDF” is commonly 
considered a benchmark regardless of the model and contextual environment. The 
‘number of operations supported’ is the measure that necessitates more consideration, 
with or without the elimination of environmental factors, irrespective of the DEA 
model used. Our findings imply that more developed areas with a higher number of 
ICT specialists tend to have lower use of ERDF funds committed to promoting ICT 
adoption in SMEs. These findings might be attributable to administrative practices 
and SMEs’ failure to manage the complicated technicalities involved in submitting
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and executing European Regional Development Fund (ERDF) project proposals. As 
a result, it is critical to provide the extra help that reduces managerial requirements 
while also meeting the demands of SMEs. 

Keywords ICT · SMEs · SBM model · SFA · ERDF 

1 Introduction 

Given the advantages and possibilities that ICT-based technology may provide, and its 
rapid acceptance over the years, SMEs have been unable to strengthen its use (Akter 
et al., 2020; Haaker et al., 2021). Emerging innovations, particularly ICT, remain to 
pose challenges for businesses (Martin & Leurent, 2017; Oberländer et al., 2020; 
Vial, 2019). This might be attributable, in effect, to SMEs’ scarce funds, equipment, 
and experience. In practice, many hurdles to SMEs’ usage of ICT exist (Consoli, 
2012): Economical, since significant investments are required and money is difficult 
to obtain; infrastructural, specifically owing to power pricing, bandwidth, and secure 
Internet connection; organizational, mostly shortage of skilled people; and tech-
nological, because technology advance involves careful preparation. Another issue 
impeding SMEs’ usage of ICT is a total lack of awareness of the capabilities and 
repercussions of digitalization (Horváth & Szabó, 2019; Lehner & Sundby, 2018). 
SMEs are concerned that if they do not pursue digitization, they would lose prof-
itability (Li et al., 2018; Ulas,  2019), but managers are hesitant to embrace it because 
they are unaware of how to integrate them into the business (Lehner & Sundby, 2018; 
Reis et al., 2018). 

Governments should establish measures to lower the digital divide (DD), offer 
affordable network connectivity, and invest in education to encourage ICT usage in 
SMEs (Horváth & Szabó, 2019; Lehner & Sundby, 2018; Reis et al., 2018). 

Ex-post assessments are frequently utilized in research evaluating EU structural 
funding awarded to ICT (Kleibrink et al., 2015; Reggi & Scicchitano, 2014). There 
is additional evidence that supports an ex-ante evaluation of the factors influencing 
funding distribution amongst different ICT activities (Reggi & Gil-Garcia, 2021). 
The research conducted in the previous Chapter contrasted the implementation of 
OPs connected to ICT policies with their equivalents throughout the programming 
period, illustrating the modifications that should be performed to render an inefficient 
OP efficient. Nonetheless, no viable reason for the influence of contextual variables 
on the outcomes obtained has been investigated. Consequently, the objective of this 
research is to contribute to the literature by employing a systematic framework that 
helps Management Authorities (MA) to assess the reasons behind the inefficiency 
of the implementation of the OPs committed to supporting ICT adoption by SMEs 
employing two non-parametric methods, namely the SBM and WRDD models, in 
conjunction with SFA. 

Below are the key questions that this work intends to answer: 

RQ1: “Which environmental factors have the largest effect on the OPs’ inefficiency?”. 

RQ2: “How does efficiency differ when contextual factors and statistical noise are 
removed?”.
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Hereunder is the structure for this article. Section 2 describes the fundamental 
premises behind the analytical techniques proposed to evaluate the implementation 
of the OPs under consideration. Section 3 discusses the main reasons for selecting the 
indicators, and the contextual factors used for the evaluation, but also the descriptive 
statistics on these data. The main results are discussed in Sect. 4. Section 5 summa-
rizes the interesting conclusions, examines possible political implications, identifies 
critical weaknesses, and suggests future research directions. 

2 Methodology 

One shortcoming of the DEA approach is that it does not account for the effect of 
contextual factors and random errors when evaluating efficiency. Fried et al. (2002) 
proposed a three-stage DEA model consequently. To begin, the DEA model is used to 
calculate the efficiency scores of each DMU, as well as the necessary changes to the 
input and output components to convert inefficient DMUs into efficient DMUs (i.e., 
the slacks). Second, the slacks are cate;gorized into three parts: contextual issues, 
poor management, and statistical noise. The slacks are the dependent variables, while 
the contextual factors are the independent variables. The aim is to minimize the 
influence of contextual factors and random errors. SFA is then used to adjust the 
input and output factors (Aigner et al., 1977; Meeusen & van den Broeck, 1977). 

Let n be the set of DMUs (DMU1, DMU2, . . . ,  DMUn) with X =[
xi j  , i = 1, 2, . . . ,  m, j = 1, 2, . . . ,  n

]
the (m × n) matrix of  inputs, Y =[

yr j  , r = 1, 2, . . . ,  s, j = 1, 2, . . . ,  n
]
the vector of outputs (s × n) and the rows 

of these matrices for DMUk are, respectively, xT 
k and y

T 
k , where 

T is the transpose 
of a vector. Also, assume a Variable Returns to Scale (VRS) technology with the 
imposition of

∑n 
j=1 λ j = 1, λ  j ≥ 0

(∀ j
)
. 
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The SBM model The WRDDM

where the value of 0 < ρ < 1, and  
DMUk is SBM-efficient if ρ∗ = 1, 
meaning that the slacks (s− 

i and s+ 
i ) are  

null for all the inputs and outputs 

wy and wx , with wy + wx = 1, are weights that 
assign the importance of the outputs and inputs. 
The importance of the inefficiencies of every 
factor is defined such that∑

rεO
� r 

y = 1,
∑

iε I
� i 

x = 1 

Every output1 slack obtained for j inefficient DMU ( j = 1, . . . ,  p) is:  

sr j  = f
(
Z j , β

r
) + vr j  + ur j  , r = 1, . . . ,  s; j = 1, . . . ,  p, (3) 

where sr j  is the slack value of output r of DMUj, f
(
Z j , βr

)
is the deterministic 

feasible slack frontier, and βr denotes the coefficients associated with the contex-
tual factors. The term vr j  + ur j  is the mixed error, vr j  is the statistical noise 
and ur j  is management inefficiency. Usually, it is assumed that vr j  N

(
0; σ 2 v

)
and 

ur j  N +
(
μi ; σ 2 u

)
, with vr j  and ur j  independent variables. 

Let γ = σ 2 u 
σ 2 u +σ 2 v 

. If  γ is close 1, it indicates that management factors are the main 
responsible for the adjustment needed to achieve efficiency. If γ is near 0, most of 
the adjustment needed to achieve efficiency is linked to statistical noise. 

The modified output slacks are then calculated by decomposing the mixed error. 
In line with Jondrow et al. (1982), the management inefficiency is calculated as 
follows: 

E
(
ui j |ui j  + vi j

) = σδ  
1 + δ2 

⎡ 

⎣ 
ϕ
(

ε j δ 
σ

)

∅
(

ε j δ 
σ
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σ 

⎤ 

⎦ (4) 

where δ = σu 
σv 

, ε  j = vi j  + ui j,, σ  2 = σ 2 u + σ 2 v , ϕ  and;∅ are, respectively, the density 
and distribution functions of the standard normal distribution. Thus, the random error 
term can be obtained as: 

E
(
vi j |ui j  + vi j

) = si j  − f
(
Z j , β

i
) − E

(
ui j |ui j  + vi j

)
. (5) 

Based on the three-stage method of Fried et al. (2002), at the first stage, the slacks 
are computed through the SBM and WRDD models. At the second stage, the output 
variables of each DMU are modified according to the SFA results by removing the 
significant contextual effects and statistical noises. 

The adjusted outputs are obtained as (Avkiran & Rowlands, 2008): 

y A r j  = yr j  +
[
f
(
Z j , β

r
) − min 

r

{
f
(
Z j , β

r
)}] +

[
vr j  − min 

r

{
vr j

}]
, r = 1, . . . ,  s. 

(6)

1 We only describe output adjustments since these were the only factors that requeired further 
attention. 
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Finally, at the third stage, the efficiency scores are obtained with the modified 
output factors. 

3 Data 

The input and output factors used for assessing the efficiency of the implementation of 
ERDF engagement in ICT adoption in SMEs were obtained from the list of indicators 
formally reported to the EU.2 

Because of the missing data on ICT adoption at the enterprise level from traditional 
databases per NUTS2 region (Billon et al., 2016, 2017; Reggi & Gil-Garcia, 2021), 
we employ metrics available from the Regional Innovation Scoreboard in 2021 as 
contextual/environmental variables (Hollanders, 2021). Additional statistical data 
were gathered from OECD statistics.3 

3.1 Input and Output Factors 

3.1.1 “Total Eligible Costs Decided” and “Total Eligible Spending” 

The indicators employed to measure the efficiency of the OPs’ absorption are “total 
eligible spending” and “total eligible costs decided.“ The first concerns qualified 
costs that have been documented and verified by a decision authority. Consequently, 
this component is employed as an output since the more the value assigned to it, the 
greater the financial implementation of each operation. The second is regarded as 
an input since it relates to the financial resources that are assigned to the programs 
selected for finance, which must be maintained as low as possible. 

3.1.2 Number of Operations Supported 

The “number of operations supported” alludes to the number of projects financed 
by the ERDF. The greater the number of projects funded, the greater the prospect of 
raising ICT usage. Therefore, this indicator is an output. 

Further information on these data is available in the previous Chapter.

2 Available online: https://cohesiondata.ec.europa.eu/2014-2020-Categorisation/ESIF-2014-2020-
categorisation-ERDF-ESF-CF-planned-/3kkx-ekfq (accessed 30th March 2022). 
3 Available online: https://stats.oecd.org/Index.aspx?DataSetCode=REGION_ECONOM 
(accessed 30th March 2022). 

https://cohesiondata.ec.europa.eu/2014-2020-Categorisation/ESIF-2014-2020-categorisation-ERDF-ESF-CF-planned-/3kkx-ekfq
https://cohesiondata.ec.europa.eu/2014-2020-Categorisation/ESIF-2014-2020-categorisation-ERDF-ESF-CF-planned-/3kkx-ekfq
https://stats.oecd.org/Index.aspx?DataSetCode=REGION_ECONOM
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3.2 Environmental Factors 

As a measure of economic growth, we utilized regional GDP at purchasing power 
parity per capita (GDPPPpc) as an exogenous variable (Billon et al., 2016, 2017; 
Reggi & Gil-Garcia, 2021). Besides, ICT is more successfully implemented in 
affluent locations, as suggested by Neokosmidis et al. (2015). 

We additionally used as an environmental variable the proportion of the population 
aged 25–34 who have completed a college education, as data suggests a positive 
association between educational achievement and ICT usage (Billon et al., 2016, 
2017). Several factors have been addressed in the context of ICT adoption to justify 
this seeming advantageous relationship. On the one hand, education teaches the 
qualifications needed to use and profit from the use of ICT. Workers, on the other 
hand, are expected to become more acquainted with ICT (Billon et al., 2017). Since it 
has been acknowledged that dissemination of ICT in EU regions is positively linked 
with Research and Development (R&D) expenditures (Billon et al., 2016, 2017; 
Giotopoulos et al., 2017), we used R&D investment in firms as a percentage of GDP 
and the number of SMEs attempting to bring new to market products as a percentage 
of all SMEs as potential explanatory factors of ICT adoption. 

Additionally, since a firm’s abilities are regarded as important innovation elements 
influencing user and ICT acceptance (Giotopoulos et al., 2017), we considered 
workers with basic digital skills as a proportion of total SMEs’ workers. Finally, 
the percentage of ICT specialists as a percentage of overall SMEs’ labor was also 
used, i.e., workers whose primary occupation is ICT and who can manage a broad 
variety of duties linked to computers (Ruiz-Rodríguez et al., 2018). 

Figure 1 shows the normalized scores, which vary from 0 to 1, except for the 
GDPPPpc, which was quantified by an index value.

4 Discussion of Results 

The SFA regression models were run through the R software, version 4.0.5 (RStudio 
Team, 2021), namely, the sfaR package version 0.1.1 (Dakpo et al., 2022). The results 
thus computed with both models are depicted in Table 1.

The results of γ in both models are close to one and statistically significant (1%), 
indicating that management failures were the major reason behind the attained inef-
ficiency scores. We employed SFA to exclude the effects of contextual factors and 
random errors to obtain neutral efficiency estimates. The regression coefficients are 
all significant (1%), showing that the given environmental variables have a substantial 
effect on the slacks calculated. 

Growth in both the proportion of ICT specialists and GDPPPPpc, according to 
Table 1, adds to a higher required rise in “total eligible spending”, whereas the 
remaining factors have a negative influence on this slack. These findings show that 
wealthier areas and a greater number of ICT professionals might not always indicate
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Fig. 1 Descriptive Statistics of the contextual variables. Source Authors’ own elaboration

a higher rate of implementation of ERDF aimed at boosting ICT in SMEs. Following 
these findings, Bukvić et al.  (2021) identified ERDF underuse by ICT Croatian SMEs 
from 2014 to 2020. Their study claimed that the difficulties and time required to 
implement, design, and assess the projects might explain these results (Bukvić et al., 
2021). Moreover, Martinez-Cillero et al. (2020) revealed that SMEs’ expenditures 
are lower than traditional economic models would anticipate, implying that these 
businesses are highly susceptible to funding issues. Another reason for these findings 
might be that these SMEs make use of alternative funding sources (Pellegrin et al., 
2018). 

Concerning the requirement to improve the ‘number of operations supported’, we 
also found that this aspect tends to rise as digital skills and ICT specialists grow, but
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Table 1 Results with SFA for both models 

Variables Slacks SBM Slacks WRDD 

Total Eligible 
Spending 

Number of 
Operations 

Total Eligible 
Spending 

Number of 
Operations 

Constant −242,050*** 237.20*** −696,940*** 248.61*** 

Population with 
tertiary education 

−890,650*** − −4,007,800*** − 

Digital skills −890,970*** 195.99*** −3,279,600*** 205.16*** 

ICT specialists 1,417,700*** 135.17*** 6,634,300*** 143.90*** 

Product process 
innovators 

− −73.17*** −3,805,600*** −83.38*** 

GDPPPPpc 1286*** −3.39*** 15,499*** −3.52*** 

Sigma-squared 8.91E+11*** 8.11E+05*** 2.85E+13*** 1.08E+06*** 

Gamma 0.98** 0.99** 0.97** 0.99** 

Log-likelihood 
function 

−593.83 −308.67 −672.65 −331.54 

** The model coefficients are statistically significant, at the 5% level of significance (p-value < 0.05) 
*** The model coefficients are statistically significant, at the 1% level of significance (p-value < 
0.01) 
Source Authors’ own elaboration

it begins to decrease when the percentage of SMEs with products process innova-
tions and GDPPPPpc grow. These data demonstrate once again that a high propor-
tion of ICT skills/specialists does not imply an appropriate ‘number of operations 
supported.‘ Areas with a greater GDPPPPPC and a greater number of SMEs that are 
more receptive to process innovation, on the other hand, may not always need to 
apply for further ERDF initiatives since they are more efficient in obtaining funding. 

Figure 2 shows that efficient OPs reduced their variance in terms of performance 
(the standard deviation is now 0.15 and 0.05 against 0.23 and 0.10 with the SBM 
and WRDD models, respectively). Furthermore, the efficiency ratings are restricted 
within [1.00, 1.49] and [1.00, 1.18] using the SBM and WRDD models, respectively. 
Moreover, inefficient OPs reduce the variability of their technical efficiency (with 
a standard deviation of 0.21 and 0.05 as opposed to the prior 0.25 and 35.48 with 
the SBM and WRDD models, respectively) and significantly boost their efficiency 
(underlining the importance of the contextual factors).

Figure 2 shows that about 27 and 31 percent of the OPs attained procedural 
efficiency with the SBM and WRDD models, respectively, relative to the earlier 20 
percent, i.e., 10 out of 51. 

Figure 3 depicts the variation in OPs’ technical efficiency with and without modi-
fied parameters for both models for the OPs that become efficient with the adjusted 
factors.

When contrasted to the first stage of the assessment, “Berlin - ERDF”, “Haute-
Normandie—ERDF/ESF/YEI”, “Central Macedonia—ERDF/ESF”, “Puglia— 
ERDF/ESF”, “Melilla—ERDF”, “Umbria—ERDF”, “Sachsen—ERDF”, “Upper
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Norrland—ERDF” all become efficient according with both models, whereas “País 
Vasco—ERDF” becomes inefficient according. These results indicate that the 
previous inefficiencies of these OPs were mainly impacted by their environmental 
factors. 

From Table 2 it is visible that “Multi-regional Spain—ERDF” is the only efficient 
OP more immune to the model and adjustments considered being ranked in the 3rd 
place according to both models with the consideration of the adjusted factors. Now, 
“Central Macedonia—ERDF/ESF” (25—SBM and 12—WRDD), “Berlin—ERDF” 
(18—SBM and 10—WRDD), “Puglia—ERDF/ESF” (10—SBM and 2—WRDD) 
and “ Multi-regional Spain—ERDF “ (9—SBM and 18—WRDD) are the top 4 OPs 
more widely viewed as benchmarks—see Table 2.

Surprisingly, “Multi-regional Spain—ERDF” is one of the three leading efficient 
OPs, serving as a reference for best practices regardless of the model and the removal 
of environmental factors. Furthermore, two of the OPs that retain their efficiency 
despite the removal of environmental factors and the model used are from Spain. It is 
worth noting that MS in the Southern and Central and Eastern EU were the primary 
receivers of ICT and digital economy aid (Pellegrin et al., 2018). This is especially 
true for countries with efficient OPs, such as Spain, Greece, Bulgaria, and the Czech 
Republic (Pellegrin et al., 2018). 

Finally, the enhancement that the ‘number of operations supported’ should 
undergo becomes substantially reduced falling from 313 and 376% to 111% and 
141% using the SBM and WRDD, respectively—see Fig. 4.

5 Conclusions and Further Research 

The objective of this paper is to evaluate the procedural efficiency of 51 OPs related 
to ICT assistance in SMEs from 16 EU MS, by including in the analysis the envi-
ronmental factors that might impact efficiency outcomes. We presented a three-DEA 
modeling approach to achieve this goal. To begin, both the SBM and WRDD models 
are utilized to calculate the efficiency ratings of each OP. At this stage, pertinent 
information about the adjustments that should be made to alleviate any disparities 
between inefficient OPs and their benchmarks are collected. 

The second phase includes the use of SFA to the slacks of inefficient OPs to update 
the inputs and outputs after removing contextual factors and statistical noises. At this 
stage, it is also feasible to comprehend how much contextual elements may influence 
the efficiency of ERDF implementation in distinct OPs devoted to increasing ICT 
adoption in SMEs, as well as the significance of management failures. Finally, the 
previously corrected components are employed in the SBM and WRDD models to 
obtain updated efficiency ratings. 

Our important findings are listed below. 
RQ1: “Which environmental factors have the largest effect on the OPs’ ineffi-

ciency?”.
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Fig. 4 Improvement potential for the OPs with the SBM and WRDD models. Source authors’ own 
elaboration

Our findings show that richer regions with a larger number of ICT specialists 
underutilize ERDF funding designated for strengthening ICT in SMEs. Furthermore, 
a greater proportion of ICT skills/specialists equates to a lesser “number of operations 
supported.“ Richer locations and a bigger number of SMEs seeking product inno-
vations, on the other hand, tend to be more efficient in receiving economic support. 
These results may be related to bureaucracy challenges in SMEs’ conformity with 
EU protocols, financial mechanisms, and administrative procedures. 

RQ2: “How does efficiency differ when contextual factors and statistical noise 
are removed?”.
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With the removal of the environmental factors, more than 27% and 30% of the 
OPs (14 and 16) achieved efficiency levels, according to the SBM and WRDD 
models, respectively, compared with the previous 20 percent (10), demonstrating 
the importance of environmental factors in efficiency assessment. 

Consequently, it can be stated that SMEs’ recourse to ESIF (particularly ERDF) 
is restricted since they lack the organizational ability to deal with the numerous 
procedures involved in applying for and executing ERDF projects. When it comes 
to ICT, this challenge becomes more urgent when compared to ‘conventional’ SME 
operations. As a result, operations in a sector known for rapid change, such as ICT, 
need greater flexibility and competence. As a result, MA must seek ways to give 
special support that simplify operations while meeting the needs of SMEs. 

Additionally, our research highlights the shortage of measures for measuring the 
performance of ESIF funding committed to ICT help in SMEs. Finally, while this 
study revealed new insights and innovative ways for examining the efficiency of 
funding execution allocated to boosting ICT usage in EU SMEs, future research 
should focus on the economic repercussions of these OPs, which remains a difficult 
task. 
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Python Implementation 
of the Value-Based DEA Method 

António Trigo, Maria Gouveia, and Carla Henriques 

Abstract This paper is aimed at presenting the Python implementation of the Value-
Based Data Envelopment Analysis (VBDEA) method, which was designed to eval-
uate the efficiency of decision-making units (DMUs). This methodological frame-
work explores the links between data envelopment analysis (DEA) and multi-criteria 
decision analysis (MCDA) and proposes a new perspective on the use of the additive 
DEA model using concepts from the multi-attribute value theory (MAVT). One of the 
major strengths of VBDEA over typical DEA methodologies is that it offers informa-
tion on the main reasons behind DMUs’ (in)efficiency. Additionally, this approach 
allows straightforwardly ranking of efficient and inefficient DMUs, since it relies on 
a super-efficiency model. Because of the use of value functions, besides allowing the 
incorporation of the decision-maker (DM)’s preferences, this methodology easily 
handles negative or null data. In this context, we illustrate the Python implementa-
tion of the method by reproducing the main results obtained by (Gouveia et al., Or 
Spectrum 38:743–767, 2016), when these authors evaluated the performance of 12 
health units in a Portuguese region incorporating management preferences given by 
real DMs. 
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1 Introduction 

DEA was originally developed by Charnes et al. (1978) and is a nonparametric 
approach based on linear programming to evaluate the performances of the DMUs 
(homogeneous units under evaluation) considering multiple inputs (resources) and 
multiple outputs (outcomes). The classical DEA models are usually (input or output) 
oriented models, which return radial efficiency measures. In this context, the CCR 
(Charnes et al., 1978) and the BCC (Banker et al., 1984) DEA approaches are both 
oriented and radial models. Besides, there are also other non-oriented models, such 
as the additive model (Charnes et al., 1985), which identify inefficient DMUs but do 
not return an efficiency score. Generally, it can be either assumed constant returns to 
scale (CRS) or variable returns to scale (VRS). While the CCR model only allows 
accounting for CRS, the BCC and additive models enable the consideration of VRS. 

Since these DEA models allow computing the projections of inefficient DMUs 
onto the efficient frontier, depending on the scales used to measure the input and 
output factors, their efficiency measure is very pessimistic, because the L1 distance 
is being maximized. Besides, particularly in the case of the additive model, the effi-
ciency measure obtained does not have an intuitive interpretation. The VBDEA was 
developed by Gouveia et al. (2008) to overcome some disadvantages of the additive 
model, namely, the scaling problem. Therefore, this paper describes the Python of 
the VBDEA method. This paper is organized as follows. The next Section describes 
the VBDEA method. Section 3 explains the Python implementation. Finally, some 
conclusions are conveyed, and future work developments are unveiled. 

2 The VBDEA Method 

The present paper describes the Python implementation of the VBDEA method 
proposed by Gouveia et al. (2008). This method combines the use of DEA with 
MAVT (Keeney & Raiffa, 1993), in the field of MCDA, as a way of incorporating the 
preference information provided by DMs, converting the inputs and outputs (viewed 
as criteria of evaluation) into value scales. The additive value functions are used to 
aggregate the values associated with each criterion. This transformation makes it 
possible to overcome the problem of scales, as all criteria are translated into value 
units. Furthermore, the weights used in the aggregation gain a specific meaning, as 
they are the scale coefficients of the value functions and determine the projection 
direction. The weights are chosen to benefit each DMU as much as possible, in the 
optimistic spirit of the BCC models. Finally, the efficiency measure of each DMU 
will have an intuitive meaning: interpreted as the “min–max regret”. 

Consider n DMUs
{
DMU j : j = 1, . . . ,  n

}
evaluated according to their perfor-

mance in a set of q criteria, with q = m + p, with xi j  (i = 1, . . . ,  m) to be minimized, 
and yrj(r = 1, . . . ,  p) to be maximized. The conversion consists of, using MAVT 
concepts, to build partial value functions

{
vc(DMU j ), c = 1, . . . ,  q, j = 1, . . . ,  n

}
.
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Each of them is defined within the interval [0, 1] assuming that for each criteria c 
the worst performance, pcj  , j = 1, . . . ,  n, has the value 0 and the best perfor-
mance, pcj  , j = 1, . . . ,  n, has the value 1, causing the maximization of all criteria. 
Subsequently, the criteria are gathered into a global value function, V

(
DMU j

) =∑q 
c=1 wcvc

(
DMU j

)
, where wc ≥ 0, ∀c = 1,…, q and

∑q 
c=1 wc = 1 (by convention). 

The weights w1, . . . , wq considered in the additive value function are the scale coef-
ficients and are settled in a way that each alternative minimizes the value difference 
from the best alternative, according to the “min–max regret” rule (Bell, 1982). 

The VBDEA method comprises two phases after all factors have been converted 
into a value scale. 

Phase 1: Compute the efficiency measure, d∗ 
k , for each DMUk (k = 1, …, n), and 

the corresponding weighting vector w∗ 
k by solving problem (1). 

min 
dk ,w 

dk 

s.t. 
q∑

c=1 

wcvc
(
DMU j

) − 
q∑

c=1 

wcvc(DMUk) ≤ dk, j = 1, . . . ,  n; j �= k 

q∑

c=1 

wc = 1 

wc ≥ 0, ∀c = 1, . . . ,  q. 

(1) 

It is worth noting that Gouveia et al. (2013) included the concept of superefficiency 
(Andersen & Petersen, 1993) in formulation (1) to accommodate the discrimination 
of efficient DMUs. 

The optimal value of the objective function, d∗ 
k, , is the value difference to the best 

of all DMUs (note that the best DMU will also depend on w∗ 
k ), excluding itself from 

the reference set. If dk * is negative, then the DMUk under evaluation is efficient. 
In the end, it is possible to rank the efficient DMUs by considering that the more 
negative the value of d∗ 

k, the more efficient is DMUk. 
Phase 2: If  d∗ 

k ≥ 0, then solve the “weighted additive” problem (2), using 
the optimal weighting vector resulting from Phase 1, w∗ 

k , and determine the 
corresponding projected point of the DMUk under evaluation. 

If d∗ 
k is non-negative, then DMUk is inefficient and a projection target can be 

obtained through the following problem:
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min 
λ,s 

zk = −  
q∑

c=1 

w∗ 
c sc 

s.t. 
n∑

j=1, j �=k 

λ j vc
(
DMU j

) − sc = vc(DMUk), c = 1, . . . ,  q 

n∑

j=1, j �=k 

λ j = 1 

λ j , sc ≥ 0, j = 1, . . . ,  k − 1, k + 1, . . . ,  n; c = 1, . . . ,  q 

(2) 

The group of efficient DMUs that defines a convex combination with λ j >0 (j = 
1,…, k − 1, k + 1,…,n) is called the set of “benchmarks” of DMUk. This convex 
combination leads to a point on the efficient frontier that is better than DMUk by a 
difference of value of sc (slack) in each criterion c. 

2.1 Elicitation of Value Functions and Weight Restrictions 

In the VBDEA method, the objective of converting the criteria into value scales 
(linear/nonlinear value functions) is to reflect the preferences of the DMs, considering 
the generalization of the DEA methodology presented by Cook and Zhu (2009) that 
incorporates piecewise linear functions of input and output factors. 

To convert the criteria into value scales we established two limits, M L c and M
U 
c , 

to consider an acceptable higher tolerance value (in this case, δ = 10%). We choose 

M L c < min
{
pL 
cj  , j = 1, . . . ,  n

}
and MU 

c > max
{
pU cj  , j = 1, . . . ,  n

}
, for each c = 

1, . . . ,  q, to set the 0 and 1 levels on the value scale, according to the type of factor, 
input or output. After that, we compute value functions setting the values for each 
DMU j , j = 1, . . . ,  n using: 

vc
(
DMU j

) = 

⎧ 
⎪⎪⎨ 

⎪⎪⎩ 

pcj−M L c 

MU 
c −M L c 

, i  f  the f  actor c  i s  an output 

MU 
c −pcj  

MU 
c −M L c 

, i  f  the f  actor c  i s  an input 

, j = 1, . . . ,  n; c = 1, . . . ,  q (3) 

To build the piecewise linear functions or non-linear value functions, we extract 
the difference in the DMU value that corresponds to decreases in inputs or increases 
in outputs, rather than the utility of having those inputs available or outputs produced. 
In this way, we do not speak of absolute values, but relative values. 

The elicitation protocol can be based on comparing the value of increasing an 
output (or decreasing an input) from a to b versus increasing the same output (or 
decreasing the same input) from a’ to b’, all other performance levels being equal, 
and asking the DM to adjust one of these four numbers so that the value increase is
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approximately equal. This is always possible assuming the functions are continuous 
and monotonic. 

The DM’s answers to the questions about the value differences between the perfor-
mance levels in each factor allow extracting the value functions, which can be a piece-
wise linear approximation. When the DM’s responses can be fitted into predefined 
curves, we use other functions (like logarithmic, or exponential functions). 

For a better understanding of the method and its implementation, we will follow 
the process with a replication of an illustrative example by Gouveia et al (2016). 
The purpose of the study carried out by Gouveia et al (2016) was to evaluate the 
efficiency of 12 primary health care units monitored by the “Group of Health Centres” 
in Portugal, with data from 2010. The perspective under consideration, designated as 
Model 2 in that study, uses as inputs (costs): total cost collected to the National Health 
Service (NHS) with complementary means of diagnosis and treatment (xCMDT ); total 
medicine costs collected to the NHS (xMED); total cost of human resources (xHR) and 
medical costs not collected to the NHS; clinical consumables and other costs (xOC) 
and the only output is the number of medical consultations for registered patients 
(yCONS). 

In the literature, we can find several techniques to obtain information regarding 
the DM’s preferences to construct value functions in agreement with his/her answers 
(Goodwin & Wright, 1998; von Winterfeldt & Edwards, 1986), but the questions 
must be structured for each specific context. 

Table 1 summarizes the performance levels corresponding to values 0.25, 0.5, and 
0.75 (resulting from this type of dialogue), such that an improvement from level 0 to 
level 0.25 corresponds to the same value as an improvement from level 0.25 to 0.5, 
etc. The summary of the performance levels elicited to construct the value functions 
for the output factor is depicted in Table 1, as an example. 

For xCMDT , xMED, and xHR, the value functions were obtained by fitting a 
logarithmic function to match as well as possible the answers of the DM. 

In the VBDEA method, the DMU under evaluation is free to choose the scale 
coefficients (weights) of the marginal value functions aggregated with an additive 
MAVT model, to become the best DMU (if possible) or to minimize the difference 
of value to the best DMU, i.e., getting the best possible efficiency score considering 
only the marginal values of the inputs and outputs. However, some factors may be

Table 1 Summary of the 
performance corresponding to 
different (and equally spaced) 
value levels for the output 
factor 

Value Output 

yCONS 

0 4000 

0.25 12,000 

0.5 18,000 

0.75 22,000 

1 25,000 

Source Authors’ own elaboration 
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disregarded from the assessment, as DMUs may assign zero weight to some factors, 
incompatible with the DM’s preferences. Thus, it is necessary to consider the weight 
constraints, as they may better reflect the organizational objectives and, therefore, 
guarantee significant results closer to what the DM considers to be the best practices. 

There are several approaches to defining weight restrictions. In this context, spec-
ifying appropriate weight restrictions can be a very challenging task (Podinovski, 
2004; Salo & Hämäläinen, 2001). In the Value-Based DEA method, the weights 
used in the aggregation are the scale coefficients of the value functions reflecting 
possible value trade-offs between different factors. Assigning values to the scale 
coefficients requires a series of judgments obtained from the DM. Direct classifica-
tion techniques should be avoided, as the value of these coefficients does not reflect 
the DM’s intuitive notion of the importance of each criterion. On the contrary, they 
are heavily dependent on the performances chosen to represent levels 0 and 1 on the 
value scale. In MCDA, several valid protocols are known to elicit weight restrictions 
derived from the DM’s preferences (Goodwin & Wright, 1998; von Winterfeldt & 
Edwards, 1986). In this case, the swing technique is simple and clear for the DM. The 
swing method begins by constructing two extreme hypotheses, P0 and P1, with the 
first displaying the worst performance (having value 0) in all criteria scales and the 
second the corresponding best performance (having value 1). The preference elicita-
tion protocol consists in querying the DM to look at the potential gains from moving 
from P0 to P1 in each criterion and then deciding which criterion he/she prefers to 
shift to hypothesis P1. Suppose that the transition from hypothesis P0 to hypothesis 
P1 in a specified criterion is worth 100 units on a hypothetical scale. Then, the DM 
is asked to give a value (<100) to the second criterion moved to P1, then to the third 
criterion, and so on, until the last criterion is moved to P1. The procedure used in 
the paper that we are using as a reference was to obtain, firstly, a ranking of weights 
and, secondly, to establish a limit for the ratio between the weights ranked first and 
last, to avoid null weights. 

Considering W to be the set of weight vectors compatible with the elicited ranking 
and limit, it is necessary to include the weight restrictions in Phase 1 adding to 
formulation (1) the constraint (w1, …, wq) ∈ W. With this change in Phase 1, a 
necessary change is mandatory in the formulation of the problem solved in Phase 2. 
This change allows slacks to have negative values; otherwise, it might not be possible 
to keep the optimal value difference dk * resulting from formulation (1) including the 
weight restrictions. 

Weight restrictions were elicited by asking the DM to compare the “swings” from 
values 0 to 1 as depicted in Table 2. 

Table 2 Extreme performances associated with value levels 0 and 1 (Model 2) 

Value level xCMDT xMED xHR xOC yCONS 

u(.) = 0 1,600,000 5,500,000 3,000,000 600,000 4,000 

u(.) = 1 150,000 800,000 800,000 50,000 25,000 

Source Authors’ own elaboration
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The DM was asked to consider a unit with the performance level 0 for all factors 
and the question was: “If you could improve one and only one factor in level 1, what 
would it be?”. The DM answer was: xMED. This allows the inference that wMED is the 
highest scaling coefficient. By repeating this question successively for the remaining 
factors, the ranking of the coefficients of scale obtained was: wMED ≥ wCMDT ≥ wHR 

≥ wOC ≥ wCONS. 
The answer to the question “What would be the lowest amount h that would allow 

a unit with 25,000 medical consultations for registered patients and total medicine 
costs collected to the NHS of 5.5 million euros to be considered as having more value 
than a unit with 4000 medical consultations for registered patients and total medicine 
costs collected to the NHS of h?” was h = 2.5 million euros. This answer is translated 
into: wCONS vCONS(25,000)+ wMED vMED(5,500,000)≥ wCONS vCONS(4000) + wMED 

vMED(h). Substituting h in the previous expression yields: wMED ≤ 2.47 wCONS. 

3 Python Implementation 

The Python implementation of the VBDEA method was done using the Python 
programming language (Python.org, 2022), and Jupyter Notebook (Jupyter.org, 
2022) and the written code can also be executed from the console. 

The VBDEA method has several steps for its execution, namely loading the model, 
converting the performances from the original scale to the value scales, the calculation 
of the first step of the method, the calculation of the second step of the method, and the 
conversion of the performances from the value scale to the original value scales, so 
the user understands the improvement proposals for the units classified as inefficient. 
The implementation of the different steps of the method is presented below in five 
sections. 

The Jupyter notebook with Python implementation and the files of the Model 2 
used for demonstration purposes are available in a Git Hub repository available at 
https://github.com/atrigo/vbDEA_notebook (Trigo et al., 2022). 

3.1 Load the Model from a File 

At this first step, the model to be executed is imported from a text file by a Python 
script. Figure 1 presents an example of such a file, relative to the case that we are 
using to demonstrate the python implementation (Gouveia et al., 2016). This file has 
the same name as the model which is “Model 2”.

Files containing models to be run by the application must have the same format 
as shown in Fig. 1, which consists of the following: a first line with the name of the 
model; then, lines that have the function type to be used for the conversion of the 
values to and from the value scale, which can be of three types: linear of multiple 
scales, exponential or logarithmic. Afterward, the values for matrix A are defined;

https://github.com/atrigo/vbDEA_notebook


66 A. Trigo et al.

Fig. 1 Example of a text file containing the model. Source Authors’ own elaboration

the next lines contain the values for matrix B, followed by a dashed line; and, finally, 
two lines with optional parameters: the first line with the importance of the factors, 
ordered from the most important (in the case of Fig. 1, the second factor) to the least 
important (in the case of Fig. 1, the last factor), and, the second line, with an optional 
parameter (in the case of Fig. 1, the value 2.47, which represents the limit for the ratio 
between the weights ranked first and last). Note that between all the model parameter 
definitions there are blank lines that must be respected for the Python script to work. 

Figure 2 shows the output of the Python script after running this first step. If 
everything goes well, the output parameters defined in the text file can be seen.

3.2 Conversion of the Values to Value Scales 

Once the code that loads the model to be executed has been created, the second 
step is the conversion of the performances in original scale values into value scales 
according to the chosen model functions. 

Figure 3 depicts the file with the DMUs’ performances in original scales. Figure 4 
shows the file with the conversion of performances from original scales into value 
scales with the algorithm created in the Python language. The Python algorithm reads 
a file with the name <[modelname]_originals.csv> and returns a file with the name 
<[modelname]_valuescale.csv> with the values converted.
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Fig. 2 Python output from file loading. Source Authors’ own elaboration

Fig. 3 Input file with the performances in original scales. Source Authors’ own elaboration

To better understand the values of the above files, Table 3 is presented, which has 
the original factors’ names, descriptions, and types, and corresponding codification 
based on the files depicted in Figs. 3 and 4.
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Fig. 4 Output file with the performances converted into value scales. Source Authors’ own 
elaboration

Table 3 Enumeration of Model 2 factors 

Factors Factors description Variable type Variable original 
codification 

Variable codification 
in the value scale 

xCMDT Total cost billed to the 
National Health 
Service (NHS) 

Input X1 V1 

xMED Total medicine costs 
billed to the NHS 

Input X2 V2 

xHR Total cost of human 
resources 

Input X3 V3 

xOC Medicine costs not 
billed to the NHS, 
clinical consumables 
and other costs 

Input X4 V4 

yCONS Number of medical 
consultations for 
registered patients 

Output Y1 V5 

Source Authors’ own elaboration 

3.3 Calculations of the First Step of the Method 

After converting the values into value scales, we are ready to run the first phase of 
the model which consists of computing the efficiency measure, d∗ 

k , for each DMUk
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Fig. 5 Output file from phase 1. Source Authors’ own elaboration 

(k = 1,…, n), and the corresponding weighting vector w∗
k by solving linear problem 

(1), as previously described in Sect. 2. 
The implementation of this part of the algorithm had to use a Python solver, in 

this case, the linprog function of the package scipy.optimize (The SciPy community, 
20221 ), which has several functions for optimization, in addition to using the numpy 
and pandas’ packages already used before in the previous sections. 

The results from the first phase of the model are presented in Fig. 5 and the ranking 
of units is: DMU 9�DMU 7� DMU 5�DMU 4�DMU 1�DMU 2�DMU 3�
DMU 8 � DMU 10 � DMU 11 � DMU 12 � DMU 6, where the first seven DMUs 
are efficient, because they have d* < 0. The lower the value of d* the better, and if 
d* is negative, then the DMU under analysis is efficient; otherwise, it is inefficient. 

The DMUs freely choose their weights to become the best DMU (if possible) or 
to minimize the difference in value for the best DMU. There are units that disregard 
some factors from evaluation, such as DMU 5 and DMU 7, that considered only one 
of the five factors to be ranked as efficient, namely w*CMDT = 1 and w*CONS = 1, 
respectively.

1 https://docs.scipy.org/doc/scipy/reference/optimize.html. 

https://docs.scipy.org/doc/scipy/reference/optimize.html
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Fig. 6 Output file from phase 2. Source Authors’ own elaboration 

3.4 Calculations of the Second Stage of the Method 

In Phase 2 of the VBDEA method, the optimal weighting vector is used to solve the 
problem with formulation (2) for the DMUs classified as inefficient. The solution is 
a proposed efficiency target (projection) for each inefficient DMU. To achieve the 
efficient status, these inefficient DMUs must change their value in each factor by the 
value indicated by s*. 

In our example, the DMU that is most often selected as a benchmark is DMU 7, 
and, for example, DMU 6 is inefficient, and it is projected onto the efficiency frontier 
in a target obtained by a linear combination of DMUs 4 and 7. 

Figure 6 shows the outputs of the second phase of the model. In this file, for 
model readability reasons, the weights (w1, w2, w3, w4, and w5) calculated in the 
first stage of the model are also visible. Table 4 shows the same output but formatted 
in a tabular form.

3.5 Conversion of Values into the Original Scale 

Table 5 depicts the values of the slacks in their original value scales.
As the slacks present positive values only for inputs, these values must be 

subtracted from the values of the performances in the original scale, thus obtaining 
the projected points in the efficiency frontier. The slack values translate the reduc-
tions to be implemented in the inputs in the sense that each of the inefficient DMUs 
manages to be at the level of those that are operating efficiently, i.e., those that are 
examples of best practices.
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Table 5 Slacks in their original value scales 

DMU S1 S2 S3 S4 S5 

1 

2 

3 

4 

5 

6 83,520 1,160,608 3,602,396 588,000 0 

7 

8 6336 1,624,885 3,560,989 153,200 0 

9 

10 4640 745,139 4,856,172 555,200 0 

11 5152 1,300,421 4,874,921 470,400 0 

12 6016 1,347,476 3,616,305 568,000 0 

Source Authors’ own elaboration

4 Conclusions and Further Research 

The purpose of this work is to describe the Python implementation of the VBDEA 
approach. This methodological framework explores the connections between DEA 
and MCDA and presents a fresh viewpoint on the application of the additive DEA 
model based on MAVT. One of the major advantages of VBDEA over traditional 
DEA approaches is that it provides information on the leading causes of DMUs’ 
(in)efficiency. Furthermore, because it is based on a super-efficiency model, this 
technique has a higher discriminatory power since it allows ranking both efficient 
and inefficient DMUs. With the use of value functions, this technique, in addition 
to permitting the inclusion of the DMs’ preferences, readily handles negative or 
null data. In this regard, we display the Python implementation of the approach by 
replicating the major findings of Gouveia et al. (2016), who assessed the efficiency of 
12 health facilities in a Portuguese region using management preferences provided 
by real DMs. 

Future work is currently underway to further develop the algorithm presented to 
make it freely available in a web application so that it can be used by different types 
of users (https://adept.iscac.pt). 
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Abstract We assessed the execution of European Regional Development Funds 
(ERDF) allocated to promote a Low-carbon economy (LCE) in 23 EU Member 
States (MS). Each MS is evaluated using the Value-Based Data Envelopment Anal-
ysis (VBDEA) method. In the first stage, the efficient MS were identified, and the 
major reasons that might affect the efficient performance of the ERDF. From the 
results obtained, 43% of the MS were deemed efficient in the application of ERDF 
committed to fostering an LCE, and these results were mostly justified by their finan-
cial spending rate. At the second stage of the analysis, the changes that needed to 
be done by inefficient MS to “try and replicate” their efficient counterparts were 
computed. Furthermore, from the robustness assessment conducted it was possible 
to show that with thresholds of δ = 5% and δ = 10%, 22% of the MS managed 
to attain a robust efficiency. While Spain is the leading country in terms of robust-
ness efficiency, Romania (robustly inefficient for δ = 5%), Hungary, and the Czech 
Republic (the worst in the ranking of inefficient MS) could not apply these funds 
properly. Given this information, the EU should continue to push policies that secure 
financial opportunities from engaging in LCE, particularly for MS with limited finan-
cial capacities, while still supplying them with improved funding mechanisms and 
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1 Introduction 

The EU policy for mitigating the effects of climate change needs to urgently shift 
towards an LCE. Simply explained, an LCE is an economy whose organization is 
sustained by activities that emit minimal quantities of CO2 into the environment 
(Levy, 2010). The cohesion policy has been supporting the shift to an LCE, but in 
the 2014–2020 period this support has expanded dramatically, owing in part to the 
granting of specific funding for this purpose (Henriques et al., 2022a). As a result, 
assessment plays an important role in cohesion policy-making since it supports policy 
planning and development while also delivering solid data about the outcomes and 
effects of the projects undertaken. In this framework, the Data Envelopment Analysis 
(DEA) method has been particularly useful in the assessment of the OPs devoted to 
the “competitiveness of Small and Medium Sized-Enterprises (SMEs)” (Gouveia 
et al., 2021) to an LCE in SMEs (Henriques et al., 2022a) and to research and 
in Innovation in SMEs (Henriques et al., 2022b). When conducting an efficiency 
assessment through the DEA approach, management authorities (MA) will be able to 
pinpoint the OPs viewed as a reference of best practices and the required changes that 
have to take place for the set of indicators, which will allow transforming inefficient 
OPs into efficient ones across the programmatic horizon. Additionally, DEA can 
likewise be used in the efficiency evaluation of the LCE across distinctive settings, 
specifically at the national (Chen et al., 2020; Liu & Liu, 2016; Zhang et al., 2019, 
2020), regional (Meng et al., 2018; Zhang et al., 2017), and sectoral (Zha, et al., 2019) 
levels. In this regard, hardly any of the papers available in the scientific literature use 
DEA in the evaluation of the MS global efficiency in the use of ERDF to promote 
an LCE. Furthermore, as far as we are aware, the VBDEA has never been employed 
in this situation. One of the major advantages of the VBDEA above traditional DEA 
techniques is that it provides an additional understanding of the underlying causes 
of (in)efficiency. This technique also enables tackling negative or null data, studying 
the robustness of the results, and incorporating the DM’s preferences in the appraisal 
through the use of value functions. As a result, we want to contribute to the literature 
by undertaking an efficiency evaluation of the application of ERDF committed to 
LCE over 23 European countries. In summary, our main research questions are given 
below: 

RQ1: “What are the main reasons for the (in)efficiency in the utilization of ERDF 
granted to promote an LCE in EU countries?” 

RQ2: “Which countries were considered benchmarks during the last program-
matic timeframe?” 

RQ3: “Which MS performs better in terms of robustness?” 
This paper’s structure is as follows. Section 2 explains the basic premises under-

lying the methodologies offered to appraise the implementation of the ERDF in the 
countries under scrutiny. Section 3 explains why the criteria employed herein were 
chosen. Section 4 highlights the main results. Section 5 reports the main conclu-
sions, discusses prospective political repercussions, highlights important flaws, and 
proposes future study topics.
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2 Methodology 

We employ a DEA-based approach in this work, which is a classical optimization tool 
that generates an efficiency frontier by evaluating homogenous decision-making units 
(DMUs), in this case, the MS. This method enables the consideration of numerous 
criteria (to be maximized or minimized). This type of tool can provide relevant 
information, such as the reasons behind (in)efficiency, the efficient peers of inefficient 
DMUs, and the needed modifications to the criteria used in the assessment to reach 
efficiency. We focus on the Gouveia et al. (2008) VBDEA model, which integrates 
the application of DEA with multi-attribute value theory (MAVT) (Keeney & Raiffa, 
1993). The VBDEA model, proposed by Gouveia et al. (2008), addresses the scales 
challenge and the lack of understanding of the value produced by the weighted 
additive model (Ali et al., 1995). In the realm of MCDA, this last technique allows 
for the incorporation of the DM’s preferences by turning the criteria into value scales. 
This transformation is very useful for dealing with negative or null data. Besides, 
inspired by the concept of superefficiency in DEA models (Gouveia et al., 2013), the 
VBDEA approach allows ranking, in a single step, all DMUs, even the efficient ones, 
and enables to consider the robustness analysis of the (in)efficiency values obtained. 

The VBDEA method involves two stages after all factors have been transformed 
into value scales. At the first stage, the optimal value difference to the best of all 
DMUs, excluding itself is computed, i.e., the efficiency score is obtained. If this 
distance is negative, then the DMU under scrutiny is efficient; otherwise, it is ineffi-
cient. The ranking of the DMUs can then be done from the most efficient to the less 
efficient from the most negative values to the most positive values attained for this 
value difference. In the second stage, the reference set of efficient DMUs is computed 
for each inefficient DMU, by instantiating this second model with the optimal values 
obtained previously. Further details on this method and the corresponding software 
might be found in Chap. “Python Implementation of the Value-Based DEA Method” 
of this book. 

3 Data 

The criteria used in this study were suggested by Henriques et al. (2022a) at the  
OP level. The numbers evaluated are total figures at the MS level spanning various 
years reported on November 19, 2021 (corresponding to the programming period of 
2014–2020), because they are the most up-to-date statistics for the accomplishment 
criteria. Just those MS with comprehensive data on ERDF grants were examined 
in the research. The criteria chosen for evaluating the efficiency of fund execution 
were drawn from a set of shared criteria officially mandated by the EU (European 
Commission, 2014) and are explained in Table 1.

Data on the descriptive statistics of these factors are given in Table 2.
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Table 1 Criteria used 

EU co-financing Total eligible 
spending 

Eligible cost 
decided 

GHG reduction 

Description Percentage of EU 
financing 
(calculated as an 
average) 

Eligible costs 
validated 

Financial resources 
assigned 

Estimated annual 
decrease of GHG 

Type of factor To minimize To maximize To minimize To maximize 

Unit % Euro Euro Tons of CO2 
equivalent 

Source (a) (a) (a) (b), (c) 

Explanation EU subsidy 
dependency 

OPs’ 
execution 

OPs’ execution Reaching an LCE 

Source Authors’ own elaboration based on Henriques et al. (2022a) 
(a) List of Structural Funds financial implemented data. Available at: https://cohesiondata.ec.eur 
opa.eu/2014-2020/ESIF-2014-2020-Finance-Implementation-Details/99js-gm52 
(b) List of common indicators legally required and listed in the annexes to the ERDF, Cohesion Fund 
and ETC regulations. Available at: https://ec.europa.eu/regional_policy/sources/docoffic/2014/wor 
king/wd_2014_en.pdf 
(c) List of Structural Funds achievement data. Available at: https://cohesiondata.ec.europa.eu/2014-
2020/ESIF-2014-2020-Achievement-Details/aesb-873i

Table 2 Descriptive statistics of data in their original performances 

Statistics EU co-financing Eligible cost 
decided 

Total eligible 
spending 

GHG reduction 

Mean 64.65 5,003,186,122.35 1,744,268,042.09 181,264.20 

Median 65.56 1,740,681,178.00 571,461,318.00 82,646.53 

Standard deviation 17.09 5,732,200,879.94 2,096,538,613.08 215,620.69 

Minimum 29.46 99,506,488.00 28,265,375.00 37.16 

Maximum 85.00 17,105,000,000.00 7,016,881,169.00 829,915.74 

Count 23 23 23 23 

Source Authors’ own elaboration 

4 Discussion of Results 

We could have used non-linear value functions, but because we didn’t have an actual 
DM, we decided to convert all of the criteria into linear value functions, showing 
neutral preferences. This conversion considered two bounds, M L c and M

U 
c . The  lower  

and upper bounds were obtained, respectively, as M L c < min
{
pL 
cj  , j = 1, . . . ,  n

}

and MU 
c > max

{
pU cj  , j = 1, . . . ,  n

}
, where pL 

cj  = pcj  (1 − δ) ≤ pcj  ≤ 
pcj  (1 + δ) = pU cj  , with δ = 10% and pcj  is the performance of criterion c for 
DMUj, c = 1, . . . ,  q and j = 1, …, n. The value scales are then set between the 0 and

https://cohesiondata.ec.europa.eu/2014-2020/ESIF-2014-2020-Finance-Implementation-Details/99js-gm52
https://cohesiondata.ec.europa.eu/2014-2020/ESIF-2014-2020-Finance-Implementation-Details/99js-gm52
https://ec.europa.eu/regional_policy/sources/docoffic/2014/working/wd_2014_en.pdf
https://ec.europa.eu/regional_policy/sources/docoffic/2014/working/wd_2014_en.pdf
https://cohesiondata.ec.europa.eu/2014-2020/ESIF-2014-2020-Achievement-Details/aesb-873i
https://cohesiondata.ec.europa.eu/2014-2020/ESIF-2014-2020-Achievement-Details/aesb-873i
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Fig. 1 Ranking of the countries according to in(efficiency) scores. Source Authors’ own elaboration 

1 levels depending on the type of criteria (maximized or minimized)—see expression 
(1). Afterward, we obtain the values for each DMU j , j = 1, . . . ,  n employing (1): 

vc
(
DMU j

) = 

⎧ 
⎪⎪⎨ 

⎪⎪⎩ 

pcj − M L c 
MU 

c − M L c 
, if c is being maximized 

MU 
c − pcj 

MU 
c − M L c 

, if c is being minimized 
, j = 1, . . . ,  n; c = 1, . . . ,  q (1) 

Subsequently, the VBDEA is instantiated with the performance values thus 
obtained leading to the computation of the results depicted in Fig. 1. 

From Fig. 1 it is possible to conclude that only 10 countries attain an effi-
cient status, corresponding to Spain, Malta, Austria, Lithuania, Polonia, Bulgaria, 
Slovakia, Italy, Sweden, and Latvia (countries identified with different shades of 
green). The countries that show the best performance are Spain, followed by Malta, 
and Austria. These MS have outstanding efficiency levels. Besides, as it will be seen 
further these are also the most robust from the set of efficient MS. 

Figure 1 depicts the outcomes as well for inefficient MS. In this case, Portugal, 
Greece, and the Czech Republic show the worst performance. 

Phase 1 of VBDEA allows obtaining the efficiency scores that enable ranking 
both efficient and inefficient MS, as well as the corresponding weighting vectors 
that reflect the importance given to each criterion to attain the best efficiency score 
possible—Fig. 2.

The indicator highly sought by MS to attain the greatest efficient performance was 
“Eligible costs decided” (w2) followed by “Total eligible spending” (w3) (Fig. 2). 
Nevertheless, neither of the three leading scoring nations elected the criterion “Eli-
gible cost decided”—see Figs. 2 and 3b. Spain only prioritized the criteria being 
maximized (“Total eligible spending” and “GHG emission reduction”) (w3 = 0.363 
and w4 = 0.637). Malta ranked 3rd based solely on “Total eligible spending” (w3 
= 1)—see Fig. 3c, whereas Austria ranked 3rd based solely on “EU co-financing” 
(w1 = 1) (see Fig. 3a). Only four of the ten efficient MS (Bulgaria, Spain, Italy, and
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Fig. 2 Average weights obtained with VBDEA. Source Authors’ own elaboration

Poland) choose “GHG reduction” as a crucial factor for achieving efficiency—see 
Fig. 3d. 

The top three MS usually chosen as benchmarks for the non-efficient MS are 
Slovakia (8 times), Malta (5 times), and Austria (5 times)—see Fig. 4. Further-
more, two of the four Visegrad MS are efficient in the execution of ERDF funding 
committed to an LCE, with just one being more regularly designated as a benchmark 
(Slovakia)—see Fig. 4.

(a) Ranking of the countries according to the importance (w1) 
assigned by each country to “EU co-financing” 

(b) Ranking of the countries according to the importance (w3) 
assigned by each country to “Eligible costs decided” 

(c) Ranking of the countries according to the importance (w2) 
assigned by each country to “Eligible spending” 

(d) Ranking of the countries according to the importance (w4) 
assigned by each country to “GHG reduction” 

Fig. 3 Results obtained according to the weight vectors computed with VBDEA (ranking in 
decreasing order). Source Authors’ own elaboration 
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Fig. 4 Number of times each MS has been selected as benchmark. Source Authors’ own elaboration 

In Phase 2, the efficient targets (projections) are computed for each inefficient 
MS. To reach efficiency, these inefficient MS must adjust their performance values 
in each criterion according to the value obtained for the slacks—see Fig. 5. 

The Czech Republic is the country that needs to make the biggest GHG reduction 
of all countries in the sample, followed by Ireland and Luxembourg (Fig. 5d). Addi-
tionally, the only inefficient MS that do not need to further reduce GHG emissions are 
Germany, France, and the UK. These MS inefficiency resides in their overallocation

(a) Ranking of the countries according to the required change (s1) 
in “EU co-financing” to become efficient 

(b) Ranking of the countries according to the required change (s2) 
in “Eligible costs decided” to become efficient 

(c) Ranking of the countries according to the required change (s3) 
in “Eligible spending”to become efficient 

(d) Ranking of the countries according to the required change (s4) 
in “GHG reduction” to become efficient 

Fig. 5 Results obtained according to the slacks computed for inefficient countries with VBDEA 
(ranking in decreasing order). Source Authors’ own elaboration 
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Fig. 6 Average required adjustments given by the slacks. Source Authors’ own elaboration 

of EU funding committed to fostering an LCE (Fig. 5a, b). Germany and France, for 
example, see a robust climate policy agenda as beneficial to their national economy 
(Bąk et al., 2021). 

From Fig. 6 it can be established that the major required average changes are 
“GHG reduction”, followed by the dependence on “EU co-financing”. 

In Table 3 we can see the improvements to be made in the original performance 
scale and the projections on the efficient frontier of all the inefficient countries.

The values considered to represent the criteria are occasionally uncertain. In such 
cases, the original DEA model is transformed into two models, thus enabling to obtain 
the upper and lower bounds of the efficiency scores. In the first model (the worst 
scenario), all DMUs’ criteria being maximized are raised while all the criteria being 
minimized are lowered, except for the DMU under study (i.e., DMUk worsens its 
efficiency performance while the remaining DMUs improve their efficiency perfor-
mance). In the best scenario, the opposite case is considered (Gouveia et al., 2013). 
The robustness assessment of the efficiency scores for each MS is illustrated in Fig. 7, 
applying a rate of change of δ = 5% and δ = 10%.

Spain, Austria, Malta, Lithuania, Bulgaria, and Sweden are robustly efficient (in 
decreasing order) for both data perturbations used (5 and 10%). Portugal, Belgium, 
Luxembourg, Greece, and Cyprus are robustly inefficient (in decreasing order) for 
both tolerances. Latvia is only robustly efficient for a tolerance of 5%, but just 
potentially efficient with a tolerance of 10% applied to all the criteria. Germany and 
Romania are robustly inefficient for a data perturbation of 5% and potentially efficient 
for a data perturbation of 10%. The remaining countries are potentially efficient for 
both data perturbations. Furthermore, this type of analysis allows concluding that 
Spain is by far the most robust MS in terms of efficiency. Curiously, Slovakia, which 
was most frequently selected as a benchmark (see Fig. 4) is just potentially efficient 
for all data perturbations.
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Fig. 7 Lower and upper limits for the value loss, for each MS. Source Authors’ own elaboration

5 Conclusions and Further Research 

The primary goal of this study was to examine the efficiency of ERDF deploy-
ment for LCE assistance in 23 EU countries. To tackle this challenge, we propose 
a two-stage VBDEA approach. The VBDEA model is used in the initial phase to 
compute each MS’s efficiency score. In the second step of the analysis, data were 
gathered on the required changes to close any gaps between inefficient MS and their 
benchmarks. Differently from other methodologies used in analogous scenarios, the 
VBDEA approach is especially significant for MA since it allows evaluating all the 
MS (either efficient or inefficient) under examination at a single level, assisting in 
the diagnosis of the causes for their (in)efficiency. Furthermore, because it depends 
on value functions to convert the DMs’ preference information, this approach is 
straightforward in dealing with null and negative criteria. 

The following are the responses to our primary research questions. 
RQ1: “What are the main reasons for the (in)efficiency in the utilization of ERDF 

granted to promote an LCE in EU countries?” 
The factors most valued to attain the higher efficiency level possible are “Eligible 

cost decided” and “Total eligible spending”. Moreover, only 4 out of the 10 most 
efficient MS (Bulgaria, Spain, Italy, and Poland) consider “GHG reduction” to be a 
key factor for attaining efficiency. The more significant adjustments required to attain 
efficiency for inefficient MS should be performed in terms of “GHG reduction” and 
“EU co-financing”. This implies that inefficient MS should be concerned about both 
the selection of initiatives to reduce GHG emissions and their reliance on EU funding. 

RQ2: “Which countries were considered benchmarks during the last program-
matic timeframe?” 

The four most frequently elected benchmarks were Slovakia (8 times), followed 
ex aequo by Austria and Malta (5 times), and then by Spain (4 times).
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RQ3: “Which MS performs better in terms of robustness?” 
Spain, Austria, Malta, Lithuania, Bulgaria, and Sweden are robustly efficient 

(in decreasing order) for both data perturbations used (5 and 10%). Contrastingly, 
Portugal, Belgium, Luxembourg, Greece, and Cyprus are robustly inefficient (in 
decreasing order) for both tolerances. Spain is by far the most robust MS in terms of 
efficiency. Slovakia, which was most often selected as a benchmark is just potentially 
efficient for all data perturbations. 

In conclusion, our results indicate that many EU MS that have effectively deployed 
renewable sources (see, for example, Germany (inefficient), Spain (efficient), France 
(inefficient), and Italy (efficient)), when efficient in the application of ERDF devoted 
to an LCE, benefit from the reduction of GHG emissions to achieve their perfor-
mance, and when inefficient, do not need to even farther reduce GHG emissions 
towards becoming efficient, thus being regarded as over users of these types of Funds 
available. These MS see engagement in LCE (namely, increased renewable deploy-
ment) as an economic and political opportunity that allows them to diversify their 
energy supplies while simultaneously reducing energy imports. Most of these MS are 
in Western European countries, where they have higher GDP and better-developed 
energy markets as well as advanced infrastructures. Furthermore, these MS employ a 
significant portion of their workforce in the renewable power business, which offers 
them financial advantages amid rising taxes and levies (Pérez et al., 2019). It is also 
interesting to notice a positive change in two Visegrad MS (Poland and Slovakia), 
which have generally been opposed to an LCE changeover. Indeed, the Visegrad MS 
developed a coordinated opposition to both the EU renewables regulations and the 
EU power market changes (Pérez et al., 2019). 

It is also worth noting that these MS are very vulnerable to energy supply disrup-
tions, are particularly dependent on oil, and frequently rely on Russia as a sole source, 
as well as being located on the EU’s periphery. As a result, this change of stance 
regarding the implementation of an LCE, notably in Poland, Slovakia, and other 
Eastern EU MS such as Latvia, Lithuania, and Bulgaria, may be partly due to the 
occupation of Crimea in 2014 (our study covers the period of 2014–2020). Other 
MS, such as Romania, Hungary, and the Czech Republic, could not manage to effec-
tively apply these funds. Given these findings, the EU must continue to push policies 
that ensure economic advantages from spending in an LCE, particularly for MS with 
limited funding. 
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Ex-post Assessment: Meta-analysis



Firm Competitiveness, Specialisation, 
and Employment Growth: Territorial 
Level Relationships 

Federico Fantechi and Ugo Fratesi 

Abstract The concept of competitiveness is today a central element for regional 
development, European cohesion policies and smart specialisation strategies. Despite 
being born for firm-level analyses, competitiveness is indeed commonly used at 
the territorial level, mainly at the regional or urban scale, normally measured with 
different composite structural indicators. However, since territorial competitive-
ness is unevenly distributed in space, territorial units smaller than a full NUTS-2 
region might be differently competitive and hence suited to implement differenti-
ated cohesion policies and smart specialisation strategies. To test the hypothesis that 
these firm-level indicators can characterize the intraregional differences in aggregate 
performance, the paper sets up a meta-analysis framework between these indicators 
and structural indicators (employment growth and specialisation index) measured at 
the NUTS-3 level. For the meta-analysis at this novel intraregional level, the paper 
exploits the Lombardy region as a case study. Lombardy is well suited for the aims of 
this paper, being a large and competitive European region, whose territory—as well 
as its labor market—is highly differentiated, from peripheral and mountainous areas 
to many medium and small cities, second-tier large cities and a large metropolitan 
area—the city of Milan. All these territories are characterized by different economic 
and social vocations, but all share the same regional administration. The results of 
the meta-analysis show that firm-level indicators correlate with the aggregate perfor-
mance of regions and that the structural measures selected can characterize different 
territories in different conditions. Hence, the competitiveness of firms seems to trans-
late into aggregate territorial performance at small spatial scales. This implies that 
territorial specificities are also relevant inside regions and should be considered in 
designing regional policy interventions, such as those of the Smart Specialisation 
Strategy (S3).
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Keywords Smart specialisation · Firm productivity · Employment growth 

1 Introduction 

With the programming period 2014–2020, European Union (EU) Cohesion Poli-
cies (CP) introduced the key concept of smart specialisation (Foray, 2015), which 
further focused EU cohesion policies around the two main elements of innovation 
and territorial competitiveness, fitting smart specialisation as an ex-ante condition 
for receiving support from European structural and investment funds (Landabaso, 
2014; Mccann & Ortega-Argilés, 2013). A key aspect of these smart specialisation 
strategies is the centrality of the context in which they are implemented. Indeed, 
following the growing emphasis gained by place-based policies (Barca et al., 2012), 
the proposed reforms aim to better link institutions, policies and incentives around 
and with the territorial context and evolutionary trends of the regions. 

Connectedly with the rise of smart specialisation strategies, another concept 
returned to centrality in the allocation and design of regional policies: territorial 
competitiveness. Despite being originally conceived as firm-related, the concept of 
competitiveness has also been applied to analyze territories since the early 1990s 
(Porter, 1990); due to its direct link with the capacity for production—either at 
the firm or territorial level—today, the concept of competitiveness is a common 
element for policy design, especially regarding policy programs aimed at reducing 
the productivity gaps. 

Policies built with these elements at their core are designed and allocated with 
the intent of nurturing and supporting regions and territories that are best competing 
in the international market but also to help lagging or underdeveloped regions and 
territories “in order to build competitive advantage by developing and matching 
research and innovation” (REGULATION (EU) No 1303/2013 OF THE EURO-
PEAN PARLIAMENT AND OF THE COUNCIL of 17 December 2013, article 
2). 

Smart specialisation strategies are inherently territorialized, and their main 
strength is that they aim to improve economic performance and development paths 
by fostering and exploiting local knowledge and territorial capital. However, when 
pragmatically observing how these territorial aims can be achieved, a “mismatch” 
emerges between the allocation and effective implementation of these policies. 

Indeed, regional and cohesion policies are commonly allocated at the NUTS-
2 level1 ; likewise, most relevant measures and indicators are also aggregated at 
that level. Most notably, this is the case for the Regional Competitiveness Index 
(RCI) computed by the EU Commission at the NUTS-2 level accounting for multiple 
characteristics of a region and its industrial structure into a single measure comparable 
between regions.

1 NUTS stands for Nomenclature of Territorial Units for Statistics, it is the hierarchical classification 
of European territorial units. 
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On the other hand, these policies are to be implemented at the territorial level 
unevenly over the regional territory. As abundantly shown by prominent scholars 
in regional science, a large set of influencing factors are highly territorialized and 
unevenly distributed in space (e.g., infrastructure, human capital, skilled workers and 
quality institutions) (Dierickx & Cool, 1989; Maskell & Malmberg, 1999). Moreover, 
firms and economic activities (both related and nonrelated) are not evenly distributed 
over the regional territory. 

All these elements, commonly called territorial capital (Camagni, 2009; Fratesi & 
Perucca, 2019), are highly distributed in the regional territory and influence it at a 
much smaller scale than NUTS-2. 

This paper argues that the set of information and instruments available for the 
allocation and the design of these policies may not match the territorial level 
on which they take place. Therefore, a different instrument—measuring territorial 
competitiveness at the subregional level—is needed to better inform the design and 
implementation of smart specialisation strategies. 

By means of a novel methodology and firm-based territorial analyses correlating 
specialisation, employment growth and territorial competitiveness, this paper aims 
to show how it is possible to produce subregional measures of territorial competi-
tiveness—exploiting firm-level data—providing territorial information with varying 
territorial units on which to design these place-based policies. 

Focusing on a single NUTS-2 region, the Lombardy region in Italy, the paper 
first presents how intraregional territorial competitiveness can be measured via firm-
level data. Then, a dynamic meta-analysis shows how these measures correlate with 
specialisation and territorial growth and development. 

In its concluding remarks, the paper argues that—as shown by the results of the 
meta-analysis—this intraregional measure of territorial competitiveness can provide 
vital territorial information for the design of place-based policies and, in the context 
of Smart specialisation Strategies (S3) and Regional Cohesion Policies can be a very 
useful instrument to implement—rather than replace—aggregate indicators such the 
Regional Competitiveness Index. 

2 Smart Specialisation Strategies and Territorial 
Competitiveness: A Missing Link Between Theory 
and Practice 

2.1 S3 and Territory 

In the contemporary EU policy debate, smart specialisation strategies are the central 
node of many policy programs and designs. Indeed, the agenda resulting from this 
paradigm-shifting concept was in the programming period 2014–2020 an ex-ante 
condition for receiving support from EU structural and investment funds in TO1
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(Landabaso, 2014) and will remain fundamental in the programming period 2021– 
2027. 

At their core, smart specialisation strategies assume that the context in which 
firms operate not only matters but can also be the main driver of the technological 
evolution of innovation systems. Existing strengths but also untapped potentials of 
territories can be exploited to foster—through these agendas—growth and maximize 
the development opportunities of territories and regions. Despite the name, the smart 
specialisation agenda is not intended to encourage sectoral specialisation but rather 
to foster diversification around a core set of activities and generate new special-
ties and opportunities for local concentration and agglomeration of resources and 
competences in these domains’ (Foray, 2015 p.1). 

From this perspective, the context—with its local knowledge networks, trade 
links, spillovers and everything else that today is considered a key element of the 
related variety (Boschma & Iammarino, 2009; Boschma et al., 2012; Frenken et al., 
2007; Neffke et al., 2011)—is considered the existing structure on which to develop 
a ‘diversified’ specialisation (Grillitsch et al., 2018) and to foster related explorative, 
research activities (Foray, 2014). 

It is important to note that although smart specialisation strategies do not target 
specific territories and regions, most positive examples of such strategies are located 
in structurally and economically strong regions (Foray, 2015). It is clear that by 
heavily relying on locally existing strengths and opportunities, the effectiveness of 
these strategies is largely impacted by the development path and industrial past of 
the region. This is where a missing link emerges; while both policy frameworks 
and policy actors have switched already their perspectives, from a regional to a – 
smaller – territorial one, there still is a lack of tools and support instruments (such 
as the European Regional Competitiveness Index, which only considers the regional 
level) available to a smaller level than the NUTS-2. 

2.2 Case Study Description 

For every empirical study, defining and selecting a well-suited case study is a key 
step. 

In this case, it is important to select NUTS-3 areas belonging to the same NUTS-2 
region because only in this way the institutional framework will be the same for all. 
At least this is what happens in Italy, the country from which data come from, where 
NUTS-2 regions are endowed with large autonomy. 

We select the most competitive region of the country, Lombardy, which is also 
the largest in terms of population, territory, and total GDP.2 The region has just one 
smart specialisation strategy although it is composed of many different territories

2 Lombardy not only consistently scores higher than the rest of the country on the RCI (Regional 
Competitiveness Index) but also holds a higher GDP per capita of e39,200 in 2018, compared to 
the average of e29,700 in Italy and e31,000 in the EU (Eurostat, 2020). 
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with their geographical and economic specificities. In particular, this region includes 
one large metropolitan area the city of Milan as well as medium-sized cities and more 
peripheral areas both in the plains and in the mountains. Overall, Lombardy holds 
a large territory and is the most populated region in the country, almost doubling 
the population of the second largest region with almost 10 Million inhabitants (Istat, 
2022). 

3 Data and Methodology 

3.1 Measuring Territorial Competitiveness Using Firm-Level 
Data 

The competitiveness of territories and that of the companies located within those 
territories are intrinsically connected. Indeed, the competitive capacity of a particular 
firm is influenced by three sets of factors: (i) the characteristics of the individual firms; 
(ii) the dynamics of the industrial sectors; and (iii) a large set of territorial elements 
and characteristics which, taken together, are called territorial capital. 

Exploiting this general assumption, a “two-step” matching design (Rosenbaum & 
Rubin, 1985) is implemented to isolate the differential effects on the competitiveness 
of firms produced overall by those elements known as territorial capital (Camagni, 
2009; Fratesi & Perucca, 2019). If in fact, two firms in the same industrial sector share 
similar characteristics—being different only in terms of their location—resulting 
differences in terms of competitiveness between those firms will be due to the external 
conditions in which they operate. By aggregating firms based on their location in 
one of the 12 NUTS-3 provinces inside the Lombardy region, a “two-step” matching 
design is implemented to separately control for industrial dynamics and individual 
firm characteristics. The produced differentials can easily be employed to proxy 
internal differences in territorial competitiveness. 

This counterfactual workflow, recently proposed by (Fantechi & Fratesi, 2022), 
has a number of advantages, especially over the use of composite indices. Indeed, 
it employs firm-level microdata instead of administrative statistical or census data; 
the availability of firm-level microdata is constantly growing and, especially for 
European countries, today several databases are available detailing firms’ master 
and balance information for almost the last two decades. Moreover, the workflow is 
quite flexible, allowing easy variation in both the level of analysis and the area of 
study and allowing for both static and dynamic enquiries. Nevertheless, the current 
formulation of the workflow, despite allowing for a certain degree of freedom and 
being able to control and isolate from industrial sectorial dynamics and differences 
in firms’ characteristics, is not able to differentiate between the first and second 
“nature” of territorial capital.
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The counterfactual strategy implemented to measure intraregional territorial 
differences in territorial capital is a “two-step” matching design (Rosenbaum & 
Rubin, 1985). 

Each of the two steps of the strategy is designed to control different influencing 
factors of firms’ competitiveness and thus isolate the territorial effect. The first step 
in the matching design consists of an exact match for the industrial sector in which 
the firms operate. Indeed, the industry in which a specific firm operates is probably 
the most influential single aspect to account for. Firms operating in different markets 
may not only have very different production margins, market sizes and organizational 
requirements but may also differ in terms of growth and dynamic opportunities. The 
overall effect of being part of different industrial sectors is considered by matching 
firms sector by sector using the NACE 4-digit classification and the 22 categories 
following the STAN industry list ISIC rev.4 classification (Horvát & Webb, 2020). 

Based on this fine classification of the main industrial sector in which a firm 
operates, firms are matched, and their performance compared, only with other firms 
in the same class. 

The second step of this matching design is composed of propensity score matching 
(via a probit function with a caliper of 0.05) to control for past trends and specific 
firm characteristics. In this second step of the strategy, the aim is to isolate the 
differentials in firms’ performance—based on the NUTS-3 territory in which they 
are located—from the influence of specific firms’ characteristics. To do so, the probit 
function controls our data for several characteristics of firms to only compare firms 
in each industrial sector only with similar firms (in the same industrial sector) located 
elsewhere. 

Several are the characteristics selected for this operation: 
The age of the firm is accounted for via a discrete variable recording the number 

of years passed from the registered incorporation of the firm. 
Being a beneficiary of public policy interventions or not is indicated via a dummy 

that identifies those firms that received some kind of public assistance in the years 
prior to the research. 

Whether firms have a cooperative status is accounted for with a dummy variable 
identifying those firms incorporated as cooperatives. 

Involvement in international markets is again accounted for with a dummy variable 
(due to availability of data) identifying those firms who self-report export activities. 

Firm size is indicated by a discrete variable recording the number of employees. 
The reliance on immaterial assets by firms is accounted for by means of a contin-

uous variable measuring the share of immaterial assets (over total assets) declared 
by a specific firm. 

Finally, financial position is accounted for by a continuous variable measuring 
the ratio of debts to total gross earnings. 

All these variables are computed on firm-level, self-reported, yearly data recovered 
from the AIDA database (Bureau van Dijk, n.d.). 

In this way, it is possible to compare firms present in one of the 12 provinces 
of Lombardy with other firms which belong to the same sector and are structurally
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similar but are located in a different province. The differentials arising will depend 
on territorial capital of the provinces. 

Three indicators are used as measures of productivity and profitability. 
Labor productivity: computed as the ratio between Value Added and number of 

Employees (Aguiar & Gagnepain, 2017; Bhattacharya & Rath, 2020; Falciola et al., 
2020; Laureti & Viviani, 2011; Nemethova et al., 2019). 

Total Factor Productivity: computed as the residual of a Solow production function 
(Solow, 1956) based on Value Added and calculating the capital stock at the firm 
level using the Perpetual Inventory Method (PIM) (Gal, 2013), thus also including 
the firm’s capitals and capitalization in the computation (Albanese et al., 2020; Ciani, 
Locatelli, & Pagnini, 2018; Gal,  2013; Lasagni et al., 2015). 

Profitability: measured as a ratio of EBITDA on Turnover, also known as ROA, 
Return On Assets (Aguiar & Gagnepain, 2017; Akimova,  2000; Bharadwaj, 2000; 
Bramanti & Ricci, 2020). 

As a final control, specific to the analyzed case study, the research also accounts 
for an eventual “sorting effect” in the localization selection by firms. Indeed, large 
cities, especially large metropolitan areas, are exceptionally more attractive to firms 
than other territories, producing results—in terms of firms’ productivity—often on 
a different scale. This is due not only to higher stocks of territorial capital but also to 
being a “place on the map” (i.e., branding opportunities, name recognition) (Wheeler, 
2001) and providing unique opportunities. To avoid the possible confusion generated 
by this sorting effect, a simple restriction is implemented in the matching design 
to account for this effect without affecting or penalizing firms located in different 
territories: the province of Milan (which is mostly composed of the metropolitan 
area of Milan, the only truly “big” city in the region) is compared with the rest of 
the region to calculate the competitiveness differential for firms of being located 
there; conversely, when matching firms from the other provinces, firms located in 
the province of Milan are excluded from the computation. 

The time span of the analysis includes a period of ten years, between 2009 and 
2019. Two main types of data are required for the analysis: i) firm-level balance sheet 
data, provided by AIDA (Bureau van Dijk, n.d.); territorial, administrative-level data 
provided by Istat (15th Italian Census: ISTAT, 2011) and ASIA (National registry of 
Firms: ISTAT, 2020). 

As shown in (Fantechi & Fratesi, 2022), the produced differential can easily and 
effectively be employed to identify and characterize internal differences in territorial 
capital. However, this is not the focus and aim of the present paper; the results of the 
described two-step matching design will indeed serve as input data for a meta-analysis 
connecting them to structural indicators of specialisation and regional growth and 
development.
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3.2 Meta-Analysis 

The final objective of the analysis is to show how the proposed measure of terri-
torial competitiveness—compiled at the intraregional level from firm-level data— 
correlates to established measures of regional growth and specialisation. Territorial 
competitiveness plays a key role in today’s policy design and implementation and has 
often been positively correlated with a positive impact on regional growth and devel-
opment. While this correlation has been shown to exist at the regional level, where 
territorial competitiveness is measured via composite indicators, this paper wants 
to show that the same correlation also stays true at the intraregional level. More-
over, by measuring territorial competitiveness as a residual of the firms’ competi-
tiveness differential based on their location, the paper also provides a novel—and 
quite adaptable—methodology to measure territorial competitiveness; showing how 
this measure of territorial competitiveness correlates with—connected—more estab-
lished measures of regional growth and specialisation will provide additional data in 
favor of the use of this indicator and more detailed territorial information on which 
design more effective cohesion and industrial policies. 

While the analysis per se—consisting of a set of multiple regressions—is quite 
straightforward, it is worth describing in more detail both the selection of indicators 
and the data operations prior to inputting them into the models. 

3.3 Specialisation Indicators and Data Preparation 

To correlate the competitiveness of territories inside a specific NUTS-2 to their 
territorial growth and development, a viable measure of growth at the NUTS-3 level 
must be identified. Territorial growth, which is commonly measured at the NUTS-
2 level, is a complex concept encompassing various dimensions from individual 
well-being, social inclusion, economic prosperity, and structure to access to services 
and institutions. Many of the metrics employed are directly recorded or measured 
from national and supra-national statistical offices, mostly at the NUTS-2 level. 
Considering the scarcity of such measurements at the NUTS-3 level and that the aims 
of this paper are directly connected to the specific dimension of territorial economic 
prosperity, only one measure of territorial growth has been selected: employment 
growth. Differently from GVA, this variable is able to account for the territorial 
effects of economic aspects in a way which also considers its social consequences, 
in terms of employment (Fratesi & Rodriguez-pose, 2016). 

For this analysis, the growth in employment is measured as the relative change 
between 2007 and 2019; this is possible thanks to data from ASIA (The Italian 
registry of active firms) reporting the total number of employed workers in each 
industrial sector at the municipal level. 

The relative change in employment is calculated for each Nace 2-Digit division 
(aggregating less relevant and numerous sectors) at the NUTS-3 provincial level for
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the whole region. The same unit of analysis is also employed for the computation of 
differential. 

Finally, output data—from the analysis of territorial competitiveness performed 
employing firm-level data—need to be processed before imputing them into the 
model. 

As described in the first part of the methodological paragraph, territorial compet-
itiveness is measured via firm-level data producing territorial competitiveness 
differentials for each of the analyzed territories. 

To improve the reliability and explanatory power of the meta-analysis, output 
data are processed and discretized before imputing them. Indeed, it is important 
to consider that the produced counterfactual results—which, after being processed, 
will become input data for the meta-analysis—are normalized territorial differen-
tials coefficients of competitiveness measured via firm-related data. The paper is 
interested in the territorial-level relationship between the differences in competitive-
ness detected by the counterfactual strategy and different territorial trends in terms 
of employment growth. Directly imputing the coefficients in the models would not 
provide additional information on this relationship, while at the same time, it would 
produce a much more complicated and less reliable model. For this reason, before 
imputing, each coefficient has been discretized taking one of three possible values: 
(1) “Not significant” for those coefficients which are, regardless of the sign, not 
statistically significant; (2) “Positive” for those coefficients which are both positive 
in sign and statistically significant; (3) “Negative” for those coefficients which are 
both negative in sign and statistically significant. 

Additional controls are included in the analysis to provide more robustness to 
the results. Both industrial sector controls and spatial controls (NUTS-3 level) are 
included; moreover, “specialized”, and “nonspecialized” territories are identified 
before computing the analysis: for each observation, a specific industrial sector in a 
specific province (NUTS-3), we identified whether it is “more specialized than aver-
age” or “less specialized than average” by exploiting sectoral employment location 
quotients. 

4 Results and Discussion 

With the aim of bridging the gap between existing structural indicators of territo-
rial (regional) competitiveness and the need for more territorialized measures of 
competitiveness to inform the design and implementation of policies, the paper 
presented—following (Fantechi & Fratesi, 2022)—a counterfactual workflow to 
measure differentials of territorial competitiveness at the subregional level. 

This is done by employing firm-level data with a 2-step matching strategy: the first 
step eliminates the heterogeneity produced by firms being part of different industrial 
sectors with an exact match, ensuring that firms operating in a specific sector are 
only matched and compared with firms in the same exact sector. With propensity 
score matching over individual firms’ characteristics, the second step controls for the
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different conditions in which the firm operates (e.g., size, initial production capacity, 
different assets reliance, financial position) so that firms are only compared to similar 
firms located elsewhere. As argued in (Fantechi & Fratesi, 2022), the produced 
differentials are indicators of differences in territorial competitiveness produced by 
the different distribution and availability of territorial capital inside the region. 

The main aim of this paper is, then, to show and test the correlation between 
the produced differentials and established measures of territorial competitiveness 
measured at the same territorial level. 

Before inputting data for the meta-analysis, firm-level territorial differentials 
produced with the counterfactual strategy are processed and discretized as discussed 
in the previous section. ATTs from all three indicators (labor productivity, total 
factor productivity and profitability) are calculated and inputted, measuring three 
different—and connected—sides of the competitiveness of firms, both in static form 
and dynamic one (for a total of six indicators). 

The meta-analysis is performed by means of multiple linear regressions on the 
change in employment. Figure 1 reports the results of such meta-analysis where 
each indicator takes value “1” if the specific computed differential is statistically 
significant and positive and 0 otherwise (significant and negative, or not significant). 
This is done to both provide a more readable output and simplify the analysis to better 
show the correlation between change in employment and the computed differentials. 

Figure 1 shows a number of interesting results concerning the regional specialisa-
tion and especially the openness indicators. The table is organized in columns with 
different regression models where alternative specifications are presented.

Robust standard errors in parentheses 
*** p<0.01, ** p<0.05, * p<0.1, ^ p<0.15 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
CANGHE IN 
EMPLOYMENT 

Specialization 
Only 

Static 
Only 

Dynamic 
Only 

Both NUTS-3 
Controls 

No 
Milan 

Specialized 
Only 

Specialized 
and Average 

Not 
Specialized 

and Average 

Not 
Specialized 

Only 
Specialization 
More than Average -0.0442* -0.0433* -0.0508** -0.0504** -0.0422* -0.0548** -0.0512** 

(0.0239) (0.0229) (0.0242) (0.0236) (0.0247) (0.0242) (0.0236) 
Less than Average -0.0103 -0.00858 -0.0157 -0.0162 -0.00541 -0.0182 -0.0228 

(0.0241) (0.0234) (0.0257) (0.0253) (0.0263) (0.0267) (0.0260) 
Static indicators 
Positive ATT Labor 
Prod 

0.0721^ 0.0650^ 0.0642^ 0.0833^ 0.0505 0.0809^ 0.0607 -0.0341 

(0.0455) (0.0445) (0.0454) (0.0615) (0.0558) (0.0540) (0.0575) (0.0601) 
Positive ATT TFP -0.00345 0.00927 0.0177 0.0252 0.00719 0.00280 0.00664 0.0218 

(0.0201) (0.0187) (0.0242) (0.0238) (0.0549) (0.0205) (0.0211) (0.0395) 
Positive ATT ROA 0.00394 0.00410 0.00597 0.00402 0.0678 -0.00530 -0.00547 0.0175 

(0.0187) (0.0189) (0.0205) (0.0195) (0.0769) (0.0252) (0.0207) (0.0344) 
Dynamic indicators 
Positive ATT Labor 
Prod 

0.00416 -0.00213 -0.000631 -0.00783 0.0209 0.0227 -0.0140 -0.148** 

(0.0264) (0.0280) (0.0269) (0.0286) (0.109) (0.0278) (0.0298) (0.0666) 
Positive ATT TFP 0.0580*** 0.0481** 0.0520** 0.0554* 0.0972* 0.0654*** 0.0185 0.0171 

(0.0223) (0.0230) (0.0250) (0.0304) (0.0554) (0.0214) (0.0302) (0.0953) 
Positive ATT ROA 0.0995* 0.101* 0.0971* 0.103* 0.0928 0.121^ 0.103^ 0.101* 

(0.0594) (0.0572) (0.0543) (0.0571) (0.101) (0.0799) (0.0710) (0.0575) 

Nace Sector Controls YES YES YES YES YES YES YES YES YES YES 
Constant 0.0366 0.0295 0.0321 0.0265 -0.0105 0.0256 -0.0593 0.0303 0.0545 -0.0165 

(0.0579) (0.0590) (0.0567) (0.0582) (0.0701) (0.0643) (0.0447) (0.0918) (0.0818) (0.0239) 

Observations 260 260 260 260 260 238 54 183 206 77 
R-squared 0.476 0.492 0.506 0.519 0.547 0.527 0.684 0.574 0.520 0.583 

Fig. 1 Meta-analysis results Source Authors’ own elaboration 
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The left side of the table presents relations with the full sample and first shows 
that territories with higher than the average specialisation in their industries have 
produced a worse performance in terms of employment. 

On the contrary, these territories where firms are more competitive than their 
counterparts, usually have a significantly better performance. This is true in particular 
for the indicator of total factor productivity; this is the most significant coefficient 
and shows that in those places where firms are more innovative, additional jobs are 
created. 

As expected, there is also a positive coefficient for labor productivity showing 
that where labor is more productive, the firms of these territories react by hiring 
additional workers. 

There is however a third result which is somehow counterintuitive. When firms 
increase their profitability then they also create jobs. This is demonstrated by the 
positive and significant coefficient of ROA. At least in these advanced regions, the 
profitability of firms is not in contrast with the creation of jobs, and the most compet-
itive firms are usually innovative so that they produce returns for their investors and 
at the same time additional work for their local communities. 

The right part of the table presents results for regressions on different sub-samples 
to see if the effects detected depend on specialisation. 

It shows that the positive impact of total factor productivity is mostly present in 
areas of specialisation. The positive effect of profitability is instead present in all 
areas but the most specialised. 

5 Conclusions and Further Research 

In this paper, we identified a ‘missing link’ between the level at which smart special-
isation programs are assigned and designed and the level at which they are applied. 
The key element in building this research is indeed the mismatch between the avail-
ability of tools and instruments for policy programming and design and the territories 
in which the policies are to be implemented. 

Focusing on territorial competitiveness—central element and aim of Smart 
specialisation Strategies—this missing link is evident: tools, indicators, and indices of 
territorial competitiveness (especially those produced by EU’s institutions) provide 
information at the regional (NUTS-2) level; in order to maximize both the efficiency 
of policy design and the effectiveness of policy implementation, Smart Specialisation 
Strategies can greatly benefit from more territorialized measures and indicators of 
territorial competitiveness. In a recent publication, Fantechi and Fratesi (2022) devel-
oped an adaptive framework to measure differentials of territorial competitiveness 
inside a region. This framework, presented in Sect. 3 of this paper, employs firm-
level data to provide territorialized firms’ competitiveness indicators by isolating and 
controlling the effects of industrial sectorial dynamics and firms’ individual charac-
teristics. According to the authors, the main feat of the framework is its adaptability 
to different levels of analysis, being smaller administrative units (as performed for
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the analysis in this paper) or specific geographical areas. Information provided with 
this framework is not intended to replace existing indicators and indices of territorial 
competitiveness; rather, to implement them with information they are not able to 
provide to help the design and implementation of smart specialisation strategies. 

The main result of this article was to show the relation between these territorial-
ized firms’ competitiveness measures, specialisation, and territorial growth (growth 
in employment) to test and validate the indicators as a valuable tool to measure 
subregional differentials of territorial competitiveness and performance. 

Following the outlined framework, multiple territorialized firms’ competitive-
ness indicators of both productivity and profitability of firms are computed at the 
provincial (NUT-3) administrative level. The results provided in this paper show the 
interesting potential of this tool. One main result is that positive territorialized differ-
entials of productivity (TFP) and profitability (ROA) correlate positively with larger 
local growth in employment over the same period. Interestingly, the third selected 
indicator of territorialized firms’ competitiveness, labor productivity, shows a lower 
correlation. 

Taken together, these results show that the proposed framework can help individ-
uate increasingly competitive territories inside the region and can also provide an 
indication of which elements of firms’ competitiveness local territories are able to 
provide better support to local employment growth. 

The territorial-level relation between firms’ competitiveness—through their terri-
torialized indicators—and the growth in employment shows the possible relevance 
of the framework developed by Fantechi and Fratesi (2022), not only as a research 
tool but also as a tool for policy design providing relevant information on the 
competitiveness of territories inside a region. 

The limits and shortcomings of this approach are multiple and represent the main 
reason why the proposed framework is not intended to replace existing measures and 
indicators but, rather, to integrate them. Some of these limits are inevitable due to the 
framework itself; the produced territorialized firms’ competitiveness indicators are 
territorial differentially produced with a counterfactual 2-step matching, meaning 
that they are relative measures rather than absolute. They correctly represent internal 
territorial differences, but to provide a correct interpretation, they are related to the 
overall context and dynamics of the region; results emerging from this analysis cannot 
be generalized and directly applied to other European regions without considering the 
relevance and specificities of different regional dynamics and characteristics. Finally, 
other smaller limits are due to the availability of data and information, specifically 
firm-level data; firm-level balance sheet data available today are, despite being a great 
resource, still partially lacking in precision and completeness. This clearly represents 
a limitation to this study (as well as other studies employing the same data) but a 
limitation that is destined to fade in the coming years as the database becomes more 
complete and the capacity for data gathering and production refines.
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The Youth Guarantee in Eastern Europe. 
A Systematic Review 

Gabriela Neagu 

Abstract The Youth Guarantee (YG) is one of the most innovative European 
programs for young people. Given the complexity of the program for the analysis of its 
effectiveness and efficiency, it is necessary to provide clear information, supported 
by scientific evidence. This paper aims to examine the empirical evidence on the 
social outcomes of the YG program in the countries of Eastern Europe. The present 
analysis is based on a systematic review, a scientific method is effective for both 
decision-makers and the scientific community because the data they use and submit 
to the analysis are classified and evaluated based on scientific criteria, and objectives 
that allow obtaining a complete, up-to-date, and reliable images. The credibility 
of the investigated sources is ensured by including in the analysis only the reports 
published by the European institutions (European Commission, European Council, 
etc.) regarding YG. Through the analysis of these documents, we found that YG led 
to an increase in the employability rate of young people, their level of education, and 
social integration, to the development of self-confidence in their competencies but 
also in institutions (schools, PES, employers, etc.). 

Keywords EU cohesion policy · Youth guarantee 

1 Introduction 

The YG program, one of the EU’s most innovative programs, is the result of the 
2013 EU Council Decision (EU Council Recommendation, 2013) which aims to 
support young people who are considered to be most affected by successive socio-
economic crises which member states have faced in the last two decades. Unlike other 
European programs, YG is differentiated by at least two aspects that give it a higher 
degree of clarity and predictability: a guarantee and a clearly delimited time period 
for intervention. (Escudero & Mourelo, 2017). These characteristics are reflected in
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the fact that young people receive a quality offer of employment, further education, 
retraining, apprenticeship, or an internship within four months of entering or leaving 
the job or are no longer included in formal education. YG is also characterized by 
the fact that it addresses a specific age group—15–24 years—and in applying the 
measures and interventions Member States are free to select their own methods, to 
build an institutional network to support the implementation of the program, provided 
that they are adapted to national, regional and local conditions. Although it started 
at the same time in all EU countries, after almost a decade, the stage of achieving 
the objectives, the areas in which the YG was applied, the socio-demographic, and 
economic characteristics of the target group but especially the results differ not 
only from one country to another, from one region of Europe to another, but also 
from one dimension of the program to another. In this regard, EU-level reports, and 
different studies (EC, 2018; Pesquera et al., 2021) point out that better collection 
and analysis of information on YG results would be needed. Our aim is to analyze 
the social outcomes of the YG program in the EU member states of Eastern Europe 
with a focus on two categories of beneficiaries: young people at risk of early school 
leaving (ESL) and NEETs (young people who are not even in school nor on the 
labor market)—from the beginning (2014) until now. In this article, we propose a 
summary of the most relevant results. The first part of the article includes an analysis 
of the situation of young people in Eastern Europe in terms of ESL and NEETs to 
understand the context in which the YG program started and took place. The research 
methodology that we will use to achieve the set goal as well as the results obtained 
by applying the systematic review method will be found in the second part of the 
article followed by the third part which includes the discussions. The last part will 
be dedicated to the conclusions and recommendations. 

2 Regional Context 

Eastern European countries are characterized by certain aspects that derive from 
their socio-economic, and historical course: the accession of the East to the EU 
has occurred recently—the last two decades—in distinct stages and by groups of 
countries, against a background of socio-economic and institutional development 
lower. The global socio-economic crises have had a greater negative impact in Eastern 
Europe because they have overlapped with the national ones generated mainly by 
the long and difficult transition process from the centralized economy to the market 
one, from totalitarianism to democracy. European programs of the YG type depend 
to a large extent on the capacity of national institutions to implement, monitor, etc. 
Institutional reform, which aims to make them more competent and more transparent, 
is one of the priority objectives of Eastern European countries. At the same time, 
the continuous reform can affect the development of YG type programs due to the 
instability and the frequent changes that it generates. All of this makes the population 
of young people in Eastern Europe, the target group of YG, to be characterized
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Fig. 1 Early leavers from education and training. Source Authors’ own elaboration. Data available 
from Eurostat (2022), [edat_lfse_14], Data extracted 08.06.22 

by mobility, and diversity but especially by a high level of segmentation from the 
educational, occupational but also motivational, and aspirational points of view. 

2.1 ESL: Main Drivers and Evolution 

Eurostat (2022) defines ESL as the situation in which young people aged 18–24 are 
completed at most a lower secondary education and who are not in further education 
or training for four weeks. ESL is the result of a combination of factors that go beyond 
the boundaries of the education system. Young people may leave the education system 
prematurely due to the quality of education, learning conditions or due to a wrong 
school orientation but all these situations overlap with belonging to a disadvantaged 
socio-family and economic environment, an ethnic minority, or living in rural areas, 
etc. For this category of young people, solutions must be identified that will keep them 
in school, to restore their confidence in the education system both for themselves 
and their families. The ESL rate in Eastern Europe between 2014—the year of the 
program’s debut—and 2021 there have been significant variations both from one 
country to another and within each country from one year to another. The ESL rate 
varies at the start of YG (2014) from 2.8% in HR to 18.1% in RO (Fig. 1). If we 
consider the maximum and minimum values of this indicator for 2021, we find that 
the same countries remain at the base and at the top of the hierarchy, but for both 
situations, the ESL values decreased: by 0.4% in HR and by 2.7% in RO. 

2.2 NEETs: Main Drivers and Evolution 

The analysis of the definitions and classifications of NEETs reveals a very high level 
of heterogeneity: young people who voluntarily choose not to enter the labor market 
or in the education and training system belong to the same category as young people
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Table 1 Young people neither in employment nor in education and training (NEETs rates) 

2014 2015 2016 2017 2018 2019 2020 2021 

EU-27 from 2020 15.7 15.2 14.5 13.7 13.1 12.6 13.8 13.1 

Bulgaria—BG 24.0 22.2 22.4 18.9 18.1 16.7 18.1 17.6 

Czechia—CZ 12.1 11.8 11.1 10.0 9.5 9.8 11.0 10.9 

Estonia—EE 13.8 13.2 14.1 11.6 12.1 10.6 11.9 11.2 

Croatia—HR 21.8 19.9 19.5 17.9 15.6 14.2 14.6 14.9 

Latvia—LV 15.2 13.8 13.3 12.3 11.6 10.3 11.9 12.1 

Lithuania—LT 12.9 11.8 10.7 10.2 9.3 10.9 13.0 12.7 

Hungary—HU 16.4 15.1 14.1 13.3 12.9 13.2 14.7 11.7 

Poland—PL 15.5 14.6 13.8 12.9 12.1 12.0 12.9 13.4 

Romania—RO 19.9 20.9 20.2 17.8 17.0 16.8 16.6 20.3 

Slovenia—SI 12.9 12.3 10.9 9.3 8.8 8.8 9.2 7.3 

Slovakia—SK 18.2 17.2 15.9 16.0 14.6 14.5 15.2 14.2 

Source Authors’ own elaboration 
Data available from: Eurostat (2022), [edat_lfse_20], Data extracted 08.06.22. 

who for objective reasons (disease, growth or family care) do not have a job or 
cannot attend training courses. Three of the Eastern European countries—HU, BG, 
and RO—are characterized by the highest rates of NEETs from 2014 to 2021 (Table 
1). BG and RO are also the least developed countries in Eastern Europe compared 
to all other EU-27 countries, which is why the effects of socio-economic crises in 
recent years have had a greater impact and more negative consequences. 

Increasing the rate of NEETs individually favors a major risk of marginaliza-
tion and exclusion from the labor market (Caroleo et al., 2020; Thompson, 2011), 
impoverishment of human capital (Becker, 1994), and reduced likelihood of future 
employment in the workplace (Ryan, 2001). At the social level, this leads to a loss of 
economic productivity and growth (Mascherini, 2019). At the individual level, the 
status of NEETs over a long period of time has effects on the behaviors and attitudes of 
young people towards work, and education: low self-esteem, giving up looking for a 
job, depression, development of anti-social behaviors, etc. Some experts (Robertson, 
2019) believe that long periods of educational and/or occupational exclusion make 
some young people insufficiently prepared in terms of physical and mental health to 
be the target group for those specific YG interventions that aim to rapid integration 
in school and/or on the labor market.
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3 Methodological Framework 

In the last years, the interest in YG implications is demonstrated by both the high 
number of studies and the diversity of the methods used to be analyzed: compara-
tive evaluation (Ule & Leskošek, 2018), case studies (Tsekoura, 2019), secondary 
analysis, and public policy analysis (Petrescu et al., 2021), the convergence analysis 
(Tosun et al., 2019), etc. For this article, we opted for a systematic review method. A 
systematic literature review is a theoretical approach of which is to reviewing relevant 
documents in a particular field, documents are selected based on certain criteria of 
relevant databases (Okoli and Schabram, 2010). The evaluation of the results of the 
YG program almost a decade after its launch (2013–2022) requires the organization 
of those conclusions reached so far by differing reports from relevant European insti-
tutions and with a high level of credibility. For this purpose, a systematic analysis of 
the EU’s published reports was used. 

3.1 Selection: Criteria and Study 

For the selection of the most relevant documents related to the YG, a series of criteria 
were specified: (a) the period of time 2014–2022 because the program was launched 
in 2013; (b) to include the term “youth guarantee” and to refer to the countries of 
Eastern Europe as a precondition because the main purpose of this study aims to 
analyze the results of a certain program in a certain regional/territorial area; (c) focus 
on the dimension of ESL and NEETs or related terms (training, scholarships, etc.); 
(d) to make references to the type of measures applied, target group, etc. to allow the 
shaping of a measuring frame; (e) be present in one of the EU publications in order 
to ensure a high degree of credibility of the information source. The study selection 
(Fig. 2) was made in three steps. 

First, the titles of all retrieved documents were screened for eligibility for the 
above-mentioned inclusion criteria. Second, the summary or introduction of all 
initially relevant documents was screened for eligibility by applying uniform criteria.

Fig. 2 Document selection 
process. Source Authors’ 
own elaboration 
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Finally, the full text of all remaining publications was analyzed. After applying the 
selection criteria, 87 documents were selected for this review. 

3.2 Results 

The evaluation of the YG program can be done from various perspectives: evaluating 
the social profitability and effectiveness of interventions for the various beneficiaries 
of the program, evaluating the interaction and complementarity of the program with a 
country’s broader social welfare policies, evaluating social outcomes and social and 
economic impact of YG on individuals and communities, etc. In this article, we will 
focus on evaluating YG’s social outcomes. We focused on programs targeting ELS 
and NEETs because investments in education are, according to specialists (Becker, 
1994), the most profitable both individually and socially. Table 2 shows an overview 
of the target group and the type of intervention likely to have an impact both on the 
individual and on the communities they belong to. 

In order to evaluate the social outcomes of the YG on the beneficiaries, we grouped 
the information obtained by analyzing the documents selected into two main cate-
gories: target group and type of intervention (Table 2). Within them, there are different

Table 2 Overview of target groups and types of intervention through the YG program 

Countries Target group Type of intervention 

Type Age Specific target group 

BG, LV, CZ NEETs 15–29 – Employment and 
training programs, 
Vocational programs 

BG NEETs 15–24 Roma population Training program 

RO NEETs 16–24 NEETs from rural areas 
and Roma 

Creation of an 
electronic registry for 
NEETs 

HR ELS – – Career guidance and 
counseling 

SK ELS 16–24 Roma population Mentoring program 

SI ELS 15–26 – Learning program for 
young adult 

PL ESL – – Training to improve 
literacy and numeracy 

LT NEETs 16–25 – Counseling to build 
up confidence and 
motivation 

EE, LV, LT, PL HU, SK, 
RO 

NEETs 16–29 – Subsidized 
employment offers 

Source Authors’ own elaboration 
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sub-categories (age of beneficiaries, specific group, etc.) that support the in-depth 
analysis of the topic. In selecting the categories of analysis, we took into account the 
recommendations of various guidelines developed at the EU level: e.g. Guidelines 
to analyze the performance of the national YG (ILO, 2016). 

4 Discussions 

A synthetic analysis of the main results obtained by applying the systematic review 
method reveals some specific features both to the two categories of analysis— 
target group and type of interventions. The beneficiaries of the YG actions aimed at 
increasing the level of education and/or support for integration into the labor market 
were young people aged 15–29. Through the YG program, young people over the 
age of 24, but not older than 30, can be considered a target group if member countries 
deem it necessary. The analysis of the documents reveals that most Eastern European 
countries have extended the maximum age range from the target group included in 
the YG from 24 to 29 years. In all Eastern European countries, more than young ESL, 
NEETs were more frequently targeted by YG actions in terms of both education and 
professional integration. This is not only because the NEETs rate is above the EU-27 
average but also because in some Eastern European countries (CZ, EE, HU, LT, LV, 
RO, SI) young NEETs have a low level of education. In this case, the intervention 
must be carried out in both directions: increasing the level of education and support 
for integration into the labor market. By comparison, BG, SK, PL, and HR have a 
high level of education among young NEETs. (Botrić, 2017; Caliendo et al., 2019) 
requiring a different approach: the emphasis must be moved from the basic needs 
(a minimum level of education and facilitating professional integration) to those of 
motivation and achievement: the adequacy of the job offer to the level of education 
and aspirations, support for entrepreneurship, etc. Even if in the literature of specialty 
but also in the official documents of the EU, regarding age are included in the NEETs 
category, young people aged 15–24, some researchers (Maguire & Thompson, 2007) 
consider this interval to be far too restrictive given the particularities of this stage 
of life—youth—but also the issues that the general population must face today. The 
results of the analysis lead to the idea that the need for support is even higher for 
the age groups 24–29 years and we find that the positive impact of interventions is 
higher. Thus, in BG, SK, EE, HR, HU, LV, and RO the 25–29 NEET rate decreased 
by 1–4 pps, and the employment rate increased by more than 1–5 pps. (EC, 2016) 
following the application of YG. The data from the analysis and the results obtained 
by some countries by applying YG support the opinion of British researchers: young 
NEETs also need psychological support, as well as training in basic or professional 
skills, as well as a quality job offer whatever their age. From social outcomes, this 
means reducing the unemployment rate and dependence on PES. The fact that in 
some Eastern European countries, the most vulnerable category of populations in 
terms of education and employment is the Roma minority (Cace and et al., 2014) is  
also reflected in the YG program: BG and RO have established that young people
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belonging to this minority are a priority target group. The interventions addressed 
to this specific target group are more complex because they must include the young 
person’s family, as well as education, the development of confidence and motiva-
tion to learn, counseling for adaptation and professional integration, etc. Another 
specific group is young Romanian rural NEETs who represent a social problem for 
RO (Neagu, 2020). In this case, the biggest problem is identifying the beneficiaries 
because in most countries, for example, RO, these young people tend to be “lost” 
statistically due to temporary migration, lack of information, etc. Another problem 
that young people with a high degree of vulnerability raise is that they do not become 
dependent on YG programs. To avoid this situation the type of intervention applied in 
each country and for each target group is very important. Also, evaluating the results 
of YG interventions in each target group supports the successful implementation of 
the program. 

YG allows for 4 major types of intervention: job, apprenticeship, traineeship, 
and education. Within each type of intervention, different country options can be 
identified in the selection of the most appropriate programs for the target groups. The 
analysis of the documents related to YG highlights the fact that they aimed primarily 
at developing educational and practical skills to help young people with difficulty 
continue or complete their level of education or integrate into the labor market. It 
is also found that in many cases the success of YG is due to the development of 
programs that have helped young people to rediscover and identify, and define their 
interests, goals, and educational and occupational talents. This type of intervention 
mainly targeted disadvantaged young people who have experienced long periods 
of exclusion and educational, social, and professional exclusion and who need a 
transition period to regain confidence in themselves and in social systems. According 
to Robertson (2019), these young people must first be psychologically prepared in 
order to be later supported for their integration into the labor market. For this category 
of beneficiaries, actions have been carried out within the YG (EC, 2016) to help build 
confidence and motivation (LT), and to facilitate the experimentation of several types 
of programs to help them rediscover their competencies. (LV), rediscovering their 
motivation for learning (SK). Another type of intervention is aimed at young people 
with potential, who are at a disadvantage because they have not had the opportunity 
to capitalize on their talents, and skills or because they have not been guided by a 
directive to put them in place value skills. The most frequent interventions fall into the 
category of career guidance (HR) and consist of youth entrepreneurship programs, 
grants for business start-ups, guidance and/or financial support for business plan 
development, etc. It should be mentioned that even in these situations the measures 
are combined with another type of support (EC, 2019): the one to help them cope with 
the stress, and the risks involved in entrepreneurship. Supporting entrepreneurship 
means not only the integration of young people but also the creation of new jobs for 
other young people in difficulty. We observe that the dominant type of intervention at 
the level of a country correlates with the dominant type of target group: in countries 
(HU, RO, e.g.) where dominant groups are young people with very low levels of 
education, characterized by long periods of social and professional exclusion, the 
emphasis is on completion, compensation; in countries (HR or EE) where young
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people have at least an average level of education and a minimum of experience 
on the labor market, the emphasis is on development and capitalization of skills. 
The particularities of the countries but also of the target group are reflected in the 
visibility of the obtained results: much more visible when the completion of the 
level of education and integration in work was aimed at and less visible in the case 
of institutional development, training programs, counseling, etc. but this will have 
effects in the medium and long term. 

5 Conclusions and Further Research 

The partial results presented in this article claim that most Eastern European countries 
have extended the age of the target group of YG and have achieved very good results in 
the age category over 24 years which means that changes should be taken into account 
in the age of target group level; each country opted for the implementation of the YG 
by methods appropriate to the needs of the target group, which contributed to the 
success of the program; there are differences between Eastern European countries 
regarding the target groups, the type of intervention, results, etc. but this must be 
put in context in order to understand objectively what the reasons are and what 
the effectiveness of YG is especially in terms of social outcomes. Every successful 
intervention in YG represents a gain for both the beneficiary and the community. 
In the case of those where the intervention aims to increase the level of trust in 
social systems, it means a step in breaking the vicious circle of intergenerational, 
community poverty; in the case of those who need support in order to capitalize 
on their entrepreneurial skills, it means increasing job offers. The effectiveness and 
efficiency of programs like YG depend to a very large extent on the existence of 
reliable information, supported by scientific evidence. Documents published by the 
official EU website are an important starting point in identifying the need for public 
policies in a sector or field, and the most appropriate type of intervention. The more 
scientific evidence there is and the higher the level of trust, the greater the chances that 
the field, the sector in question, will be supported. This can be seen from the summary 
presented in this article: the systematic review method supports the identification of 
YG target groups and their particularities, and the type of intervention chosen in 
each country, allows comparability between countries on different dimensions of 
YG. Data collected for this analysis will be analyzed more complexly, in more detail 
to better understand the situation of the YG program and to contribute important 
information for decision-makers.
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Smart and Sustainable Scheduling 
of Charging Events for Electric Buses 

Padraigh Jarvis, Laura Climent, and Alejandro Arbelaez 

Abstract The Irish transportation sector currently accounts for more than 30% of 
the energy related CO2 emissions of the country. Therefore, in order to reach the 
sustainable goals, the Irish government is working on multiple incentives to promote 
Electric Vehicles (EV) and infrastructure to decarbonize the sector, e.g., free domestic 
charging points, tool reductions, and the implementation of electric Buses (eBuses) 
in the medium to long term. In particular, eBuses operate with rechargeable batteries 
with a capacity to store approximately 300 kWh (and up to 600 kWh), equivalent to 
around 29.9 L of diesel, while reaching approx. 200 km. In order to ensure a proper 
transition from regular diesel buses to eBuses, charging times must be coordinated 
to ensure each bus has adequate energy to complete their operational route. In this 
work, we present a framework for an efficient management of renewable energies to 
charge a fleet of eBuses without perturbing the quality of service. Our framework 
starts by building a deep learning model for wind power forecasting to predict clean 
energy time windows, i.e., periods of time when the production of clean energy 
exceeds the demand of the country. Then, the optimization phase schedules charging 
events to reduce the use of non-clean energy to recharge eBuses while passengers 
are embarking or disembarking. The proposed framework is capable of overcoming 
the unstable and chaotic nature of wind power generation to operate the fleet without 
perturbing the quality of service. As expected, the size of the batteries does have a 
positive impact on the percentage of clean energy required to operate large fleets of 
eBuses. Methods developed in this paper help to mitigate potentially inaccuracies 
derived the prediction models. Our extensive empirical validation with real instances 
from Ireland suggests that our solutions can significantly reduce non-clean energy 
consumed on large datasets. 
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1 Introduction 

The Vehicle Routing Problem (VRP) is a well-known combinatorial optimization 
problem with applications ranging from logistics to planning and scheduling. This 
problem involves the creation of optimal routes (e.g., minimizing the traveled distance 
or the required time to complete certain tasks). These routes might represent supply 
chains where vehicles deliver goods from a set of depots to customers (Laporte & 
Nobert, 1987). Research into the usage of EVs has spawned a variation of the VRP 
called the Electric Vehicle Routing Problem (EVRP). EVRP differs from traditional 
VRPs as the range of EVs is considerably shorter compared to traditional combustion 
vehicles. As pointed out above, the range of EVs varies depending on multiple factors, 
e.g., battery size, average speed, and ambient temperature. Furthermore, some form 
of charging must occur to complete the daily operations of the vehicles (in particular, 
for variations of the problem with pick-ups and deliveries (Olgun et al., 2021)). The 
EVRP focus mainly on minimizing the total cost of routing strategies (Lin et al., 
2016) and the placement of charging stations to minimize or even negate detours 
needed to charge (Funke et al., 2015, 2016). 

The Vehicle Routing Problem with Time Windows (VRPTW) is a popular vari-
ation of the traditional VRP, where vehicles must visit a set of customers within 
certain predefined time periods (e.g., outlined by the customers or local govern-
ments). This adds additional complexity to VRPs as a vehicle arriving early to a 
destination might be required to wait, and a vehicle arriving late may invalidate the 
solution (Desrochers et al., 1992). This has also spawned additional variations such 
as Time Window Assignment Vehicle Routing Problem (TWAVRP) focusing on 
assigning time windows to deliveries before the demand is known (Spliet & Gabor, 
2015). 

Variations of the VRPTW for EVs have also received significant attention recently. 
The Electric Vehicle Routing Problem with Time Windows (EVRPTW) aims at 
creating optimal routes as the traditional VRPTW, however the additional constraints 
of battery capacity and location on recharging stations are also taken into consider-
ation (Schneider et al., 2014). Another line of work considers the charging location 
problem of EVs. One notable work in this area focuses on the transition to eBuses 
and the authors proposed a Mixed Integer Programming (MIP) model to identify 
suitable locations of fast charging units to maintain the current level of service, i.e., 
same routes and similar timetables (Arbelaez & Climent, 2020). 

With the increase in research around EV there has also been a rising interest 
in using renewable energy to charge EVs. (Zhang et al., 2013) proposed the use 
of locally generated renewable energy to supplement the requirements of acquiring 
energy from the national grid. However, when creating a bus operation schedule 
information such as available renewable energy is needed ahead of time. Predict and 
Optimize (Elmachtoub & Grigas, 2021) is a relatively new paradigm which focuses 
on combining predictions and combinatorial optimization. The paradigm involves 
two stages: the first one involves training a model (e.g., a supervised learning or a time 
series model) to predict critical variables of the optimization problem. The second
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stage then uses these predicted values to solve an optimization problem e.g., weights 
in the weighted knapsack problem (Mandi et al., 2020) or scheduling of combinatorial 
problems with uncertain duration times (Duque et al., 2018). In this paper, we also use 
this two-stage paradigm. We start with a time series model to estimate surpluses of 
wind power in the national grid and then optimize the scheduling of charging events 
based on the predictions. A time series is a collection of consecutive measurements 
of powers in kWh recorded in equal intervals (15 min in this paper). The accuracy 
of the time series methods varies considerably with different forecasting horizons 
(number of future observations). In this paper we focus on medium-term horizons, 
i.e., the forecasting period ranges from 6 h to 1 day ahead. A 6, 12, 18, and 24 h 
ahead forecasting horizon will predict respectively a total of 24 (4 per hour × 6), 48, 
72, and 96 observations. (Shobana Devi et al., 2021) outlines alternative models for 
other forecasting horizons, i.e., very short-range (a few seconds to 30 min ahead), 
short-range (30 min–6 h ahead), and long-term range forecasting (1 day to a week 
ahead). 

Long Short-Term Memory (LSTM) is a popular deep learning architecture proven 
to be effective at energy forecasting (Lim & Zohren, 2021). Such models can be 
trained to make multi-step ahead predictions, where a variable n controls the number 
of future time-step predictions (Sangiorgio & Dercole, 2020). 

2 Predict then Optimize Framework 

The predict and optimize framework aims at guiding the optimization solver to tackle 
complex problems. In particular, we use a LSTM model to predict how much excess 
wind energy is available at any time period. This information is then passed to a MIP 
solver to identify suitable schedules to operate the fleet of eBuses while satisfying 
certain properties of the transportation system (Arbelaez & Climent, 2020). 

2.1 Prediction Models 

As pointed out above, we create four LSTM models for predicting excess wind 
energy 6, 12, 18, and 24 h in advance. Furthermore, we populate our models with 
historical data from the Irish nation grid in 15 min intervals and populate the training 
dataset with data from August 2013 to October 2021, and test dataset with data 
from November 2021 to January 2022 (demand and wind generated power dataset is 
available at http://smartgriddashboard.eirgrid.com/). The months of November 2021 
to January 2022 where selected due to the increased about of wind power gener-
ated in winter months, therefore the ability of the LSTM model to predict excess in 
clean energy can be more accurately determined. Furthermore, we reserve 33% of 
the training dataset as a validation dataset. The demand and wind generated power 
datasets are aggregated into one dataset which represents the excess of clean energy

http://smartgriddashboard.eirgrid.com/
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Table 1 MAPE and RMSE 
for LSTM models with 
different forecasts times in 
hours 

Forecast time MAPE RMSE 

6 113.0 313.56 

12 186.3 801.75 

18 251.1 1048.98 

24 292.2 1106.39 

Source Authors’ own elaboration 

at any time. However, at the moment Ireland’s national grid does not supply enough 
wind power to cover the demand. Therefore, we scaled the amount of wind power 
by a 1.4 factor to simulate a transition to eBuses with enough power to satisfy the 
current demand. This is in line with the estimations for Ireland’s growth in wind 
generated power by 2026/2027 (Department of Communications, Climate Action & 
Environment, 2019, p. 40). Therefore, we use a univariate dataset consisting of values 
between −5064.2 (representing a clean energy deficit of 5064.2) and 1005.8 (repre-
senting a clean energy surplus of 1005.8). The LSTM models are then trained on 
this data with a loss function of Root Mean Squared Error (RMSE) and using Adam 
optimizer (Kingma & Ba, 2014). We make the data stationary by applying a differ-
ence operation on each subsequent value and normalized to a range between −1 and 
1 with minMax normalization. 

Table 1 shows the Mean Absolute Percentage Error (MAPE) and RMSE of the 
LSTM models based on the results of the test dataset. We remark that these results are 
consistent with the literature, i.e., shorter prediction horizons produce more accurate 
results (Shobana Devi et al., 2021). This increase in error as the horizons become 
larger can be explained by the fact wind power is harder to predict due to the unstable 
and chaotic nature of wind power derived from multiple factors, e.g., wind speed, air 
density, wind turbines, etc. 

2.2 Optimization Model 

We extended the work of (Arbelaez & Climent, 2020) with additional constraints to 
determine whether the charge times of eBuses overlaps with times where there is 
an excess of clean energy. Furthermore, our solver aims at reducing CO2 emissions, 
and therefore, we minimize the total amount of non-clean energy used to operate the 
system. In our simulations, we assume that the eBuses travel at a constant speed of 
35 km/h and a charge rate of 10 kWh per minute. 

We also assume that the discharge rate of the batteries is 1 kWh per km. 
We test multiple battery capacities for the bus fleets, these include 120, 180, and 

240 kWh. We assert that the battery capacity must not fall below 12 kWh and only 
allow buses to charge up to 80% of their maximum capacity in a single charge. We 
also simulate a degree of overnight charging before the buses operational day begins. 
To represent this, we assume the buses start with a capacity of 30 kWh regardless
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of the selected battery capacity. It is assumed the placement of charging stations is a 
separate problem to the one covered in this paper (Loaiza Quintana et al., 2022), to 
this end the location of charging stations is passed as an argument to the optimization 
code. For this paper, we assume that charging stations are placed every × km on each 
bus route. Alternative placement methods involving cost functions will be explored 
in future works. 

We evaluate our framework on three Irish cities, i.e., Cork, Limerick, and Galway. 
The bus system in Cork includes 11 bus routes operated with 81 buses and 578 
stations; the network in Galway includes 6 bus routes operated with 24 buses and 
288 stations; and the network in Limerick includes 6 bus routes operated with 23 
buses and 253 routes (GPS location of bus stations and timetables are available at 
https://www.buseireann.ie). Furthermore, we assume two charging infrastructures. 
The first one, Inf-A, assumes that there is a charging unit every 12 km which results in 
53 charging stations for Cork, 13 for Limerick, and 19 for Galway. The second one, 
Inf-B assumes that there is charging unit every 15 km which results in 43 charging 
stations for Cork, 12 for Limerick, and 11 for Galway. 

We also assert a maximum deviation time for the newly created schedule, meaning 
the arrival times in the new schedules can be at most Δ different from the original 
schedule where Δ is an amount of time in minutes. For this paper we explore two 
values for Δ, 5 and 10 min. 

3 Experiments and Results 

Prediction models are used to predict wind energy excess for the two-week period 
of 14th to the 27th of February 2022. The month of February is chosen as it features 
a high amount of wind generated power, as a result there will be enough excess 
power to evaluate the performance of our framework. For the optimization model we 
assume three different scenarios regarding clean energy information. The first |┌|=0 
assumes the optimization model has no knowledge of clean energy information. The 
second uses the information generated by the prediction models previously outlined. 
Finally, we examine the ideal scenario, where we have perfect predictions (i.e., the 
actual historical values for excess wind energy). 

Figure 1 shows the amount of modified wind energy vs the demand of the electrical 
grid. Of note there are a number of days where the amount of modified wind energy 
does not exceed system demand at any point (i.e., the 17th, 18th, 21st, and 24th). As 
a result, experiments which use wind data from these days will produce poor results 
as there is no clean energy available. On the contrary, the 26th features a very high 
amount of wind energy throughout the day, as a result any charges which take place 
on this day would use clean energy. For the empirical analysis of our experiments, we 
removed the results from the previously mentioned 5 days as they would represent 
outliers in the amount of wind energy available. Such outliers would not provide any 
insights into the performance of our framework, as the framework aims to reduce

https://www.buseireann.ie
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Fig. 1 Energy demand versus 1.4 times modified wind energy for 14/02/2022–27/02/2022. Source 
Authors’ own elaboration 

the total amount of non-clean energy used and therefore requires clean energy to 
operate. 

Table 2 shows the results for the experiments using Inf-A and a deviation time of 
five minutes. As expected, when using predictions from our prediction models there 
is a notable decrease in the amount of non-clean energy used when compared to a 
naïve scenario with no knowledge of clean energy information. Therefore, while our 
LSTM models are not fully accurate there is a notable benefit in the integration of the 
learning component in our schedules. Also of note is that increasing battery capacity 
in the ideal scenario may not reduce the amount of non-clean energy consumed. This 
is because all of the available clean energy is already being consumed when capacity 
is set to 120. This is the case on the smaller datasets of Limerick and Galway; however, 
we see for the Cork dataset that increasing the capacity does reduce the non-clean 
energy consumed. Sometimes when using predictions from our LSTM models larger 
battery capacities consume more non-clean energy compared to smaller capacities, 
we attribute this to mispredictions in our LSTM models. Larger battery capacities 
can consume more energy in a single charge. As a result, any false positives in our 
prediction model (i.e., we predict there is a clean energy excess when there is actual 
a deficit) could result in the scheduling of a charge using non-clean energy.

Figure 2 shows a comparison between the average across all capacities for each 
scenario and each city. Here we see that the average difference between the three 
scenarios heavily demands on the dataset used. For example, smaller datasets like 
Limerick show minor differences between the three scenarios. However, the larger 
Cork dataset shows more significant difference. We attribute this to the higher energy 
requirements of the Cork dataset in addition to the longer operational times of the 
bus system. The Cork bus system begins operation earlier then both the Galway and 
Limerick datasets, and finishes operational routes later, as a result the Cork data-set 
is able to make use of any excess clean energy in the early morning and late night.

Experiments conducted using Δ = 10 min found that the solutions in the ideal 
scenario only improve by 0.685% on average. It should also be noted that experiments
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Table 2 Non-clean energy used (in kWh) for Inf-A and Δ = 5 min  

City Capacities |┌| = 0 Predicted Ideal 

Limerick 120 3338.7 3305.1 3108.5 

180 3347.8 3318.5 3108.5 

240 3337.4 3317.2 3108.5 

Galway 120 4279.9 4139.3 3850.3 

180 4282.9 4184.4 3850.3 

240 4286.1 4151.0 3850.3 

Cork 120 11,458.5 10,970.1 10,302.1 

180 11,446.3 10,987.4 10,180.2 

240 11,423.2 10,939.5 10,148.4 

Source Authors’ own elaboration

Fig. 2 Average scenario 
performance per city. Source 
Authors’ own elaboration

using Δ = 10 min took 27.39% longer to complete compared to Δ = 5 min. Results 
for experiments using Inf-B showed an increase in the amount of non-clean energy 
used on average. However, it should be noted, for the Cork dataset and capacity 240 
solutions where only 0.93% worse compared to experiments using Inf-A. As the 
reader recalls Inf-A for the Cork dataset features 53 charging stations, while Inf-B 
has 43. This suggests the relationship between number of charging stations present 
and solution quality are not directly proportional. 

4 Conclusions and Further Research 

In this work, we use a deep learning model for wind power forecasting to estimate the 
availability of clean energy in a day, we then integrate the output into an optimization 
model to schedule charging events. Experimentation results with actual data from the 
Irish national grid and a major bus operator in Ireland suggest our models can make a 
notable reduction in the non-clean energy consumed compared to a naïve optimizer. 
While our predictions do not generate solutions as high quality as the ideal scenario,
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a significant reduction in non-clean energy consumed can be observed on larger 
datasets. Therefore, the results of the evaluation confirm the high-quality performance 
of the proposed approach. In the future, we plan to extend our framework with Bus-
to-grid technology to help the national grid by returning energy when needed (i.e., 
during peak hours). We also plan to investigate the performance of our proposed 
framework with the charging infrastructure placement problem. 
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Multiple Impacts of Energy Efficiency 
Technologies in Portugal 

Marcos Tenente, Carla Henriques, Álvaro Gomes, Patrícia Pereira da Silva, 
and António Trigo 

Abstract Portuguese programs aimed at fostering Energy Efficiency (EE) measures 
often rely on cost–benefit approaches only considering the use phase and neglecting 
other potential impacts generated. Therefore, this work suggests a novel method-
ological framework by combining Hybrid Input–Output Lifecycle Analysis (HIO-
LCA) with the Portuguese seasonal method for computing the households’ energy 
needs. A holistic assessment of the energy, economic, environmental, and social 
impacts connected with the adoption of EE solutions is conducted aimed at supporting 
decision-makers (DMs) in the design of suitable funding policies. For this purpose, 
109,553 EE packages have been created by combining distinct thermal insulation 
options for roofs and façades, with the replacement of windows, also considering the 
use of space heating and cooling and domestic heating water systems. The findings 
indicate that it is possible to confirm that various energy efficiency packages can be 
used to achieve the best performance for most of the impacts considered. Specifically, 
savings-to-investment ratio (SIR), Greenhouse gases (GHG), and energy payback 
times (GPBT and EPBT) present the best performances for packages that exclusively 
employ extruded polystyrene (XPS) for roof insulation (packages 151 and 265). 
However, considering the remaining impacts created by the investment in energy
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efficiency measures, their best performances are obtained when roof and façades 
insulation is combined with the use of space heating and cooling and DHW systems 
to replace the existing equipment. If biomass is assumed to be carbon–neutral, solu-
tion 18,254 yields the greatest reduction in GHG emissions. Given these trade-offs, 
it is evident that multiobjective optimization methods employing the impacts and 
benefits assessed are crucial for helping DMs design future EE programs following 
their preferences. 

Keywords Energy efficiency · Hybrid input–output lifecycle analysis ·Multiple 
benefits 

1 Introduction 

Considering the current energy standards, 75% of the European Union (EU) buildings 
are inefficient and more than 85% of these will still be operating in 2050. Additionally, 
the building sector accounts for about 40% of energy consumption and 36% of GHG 
emissions in the EU. Therefore, in the scope of EU long-term strategy of carbon 
neutrality by 2050, was recognized the need of accelerating the renovation rate of the 
European buildings to reach a carbon–neutral competitive economy and promoting 
growth and job creation (European Commission, 2019; 2021). 

In Portugal, the residential building stock presents a similar behavior being respon-
sible for more than 30% of final energy consumption, which increased by 1.6% 
during the period 2014–2019 (Energy Observatory, DGEG & ADENE, 2021). Also, 
about 66% of the Portuguese buildings were built before 1990, the year when EE 
requirements were introduced for new buildings and approximately one-third of the 
building stock built before 2012, reveals repair needs on the roof and exterior façades, 
leading to low energy performance levels, thus contributing to energy poverty, energy 
consumption and emissions generation (INE, 2012). To address the urgency of accel-
erating the buildings’ renovation, Portugal has been deploying several programs 
aimed at promoting EE growth in this sector of which we can highlight the energy 
efficiency Fund, the support program for more sustainable buildings and the energy 
consumption efficiency promotion plan (in Portuguese—PPEC) (Presidency of the 
Council of Ministers, 2013, 2020, 2021). However, the evaluation of the EE measures 
to be funded is usually grounded on cost–benefit bases, mainly accounting for energy 
and emission savings during the operation phase, thus neglecting other potential bene-
fits and impacts connected with all lifecycle (LC) phases of the measures selected. 
An example is that almost all the measures dedicated to promoting the EE in the resi-
dential sector, that are part of the Portuguese long-term strategy for the renovation of 
buildings, rely only on the assessment of costs and calculation of energy and emission 
savings during their operation phase (Presidency of the Council of Ministers, 2021). 
Nevertheless, the right assessment of the energy, economic, environmental, and social 
improvements of investing in EE should allow DMs to make well-grounded decisions 
when it comes to the choice of which EE measures should be funded in the residential
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sector. According to Reuter et al. (2020), a broader understanding of the attainable 
EE multiple benefits is necessary to facilitate the promotion of EE policies. This idea 
is in line with the European Renovation Wave establishing the need of using a better 
definition of the best criteria to be considered in the assessment of the energy-related 
savings in the new funding instruments. In this manner, one the objectives of the 
Recovery and Resilience Plan (RRP) is to improve the EE in residential buildings 
aiming at achieving the reduction of energy consumption and GHG emissions, the 
reduction of energy poverty, the improvement of indoor comfort and air quality and 
the creation of employment (European Commission, 2020; Ministry of Planning, 
2021; Presidency of the Council of Ministers, 2021). In addition, the investment in 
EE measures may produce benefits other than energy savings and emissions reduc-
tions, like poverty alleviation, industrial productivity and competitiveness, energy 
security, job creation, energy prices moderation and health and well-being related 
benefits (Ryan and Campbell, 2012). 

With the foregoing in mind, this work proposes a novel holistic approach that 
integrates a Hybrid Input–Output Lifecycle Analysis (HIO-LCA) framework with 
methods for calculating the energy performance of buildings (a seasonal method 
employed by the Portuguese building energy certification system), to evaluate the 
energy, economic, environmental, and social impacts and benefits of investing in 
EE solutions in the Portuguese residential sector generated throughout their LC 
assessment, thus helping DMs in the design of suitable EE funding policies. 

2 Literature Review 

As mentioned before, generally the operation is the only LC phase that is usually 
accounted for in the design of EE funding programs. However, when the nearly 
zero-energy buildings strategy is considered, the assessment of other lifecycle phases 
becomes even more important. Hence, other avenues of research addressing a broader 
range of impacts are required to support DMs in the design of suitable EE policies. In 
this context, the economic input–output LCA (EIO-LCA) makes it possible to assess 
the direct and indirect impacts of the entire economy connected to the production 
of a product or the provision of a service, avoiding the time-consuming and trunca-
tion problems inherent to the LCA approach. However, the EIO-LCA methodology 
is not free of limitations, as it can suffer from aggregation problems (Hendrickson 
et al., 1997; Suh, 2006; Crawford, 2009; Säynäjoki et al., 2017). In this context, 
an HIO-LCA framework should thus be used. This top-down approach pursues the 
simplification of LCA, extending conventional Input–Output (IO) matrices with envi-
ronmental, energy, social or economic impacts, accounting for the transactions of 
all activity sectors/ industries, implying that the boundary of the analysis becomes 
very broad and inclusive, and the circularity effects are also included (Hendrickson 
et al., 1998, 2006; Bilec et al., 2006; Strømman et al., 2009; De Carvalho et al. 2016; 
Singh et al., 2018a, b). Hybrid methodologies have been used in distinct contexts. 
For example, to assess the employment impacts of renewable energy technologies
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(Oliveira et al., 2014; Henriques et al., 2017), to assess the energy consumption and 
carbon emissions of a residential building during its lifetime (Zhan et al., 2018), 
or to compute of the embodied and operational energy of residential buildings in 
Lebanon (Stephan & Stephan, 2014). Nevertheless, the application of this sort of 
approach in the context of EE actions is not abundant, with only a few studies found 
in the literature. In this context can be mentioned the application of an energy and 
environmental extended EIO-LCA model to assess the benefits arising from the tax 
deduction for energy retrofit actions in the Italian building stock by Cellura et al. 
(2013), the assessment of the energy, economic, environmental, and social impacts 
of fostering the investment in electric energy-efficient appliances in India made by 
Singh et al. (2018a, b), which were later on combined with multiobjective interval 
portfolio theory in Singh et al. (2019) to support public DMs on the design of EE 
investment programs regarding different investment strategies. In the field of EE in 
the Portuguese residential sector, different types of studies have been conducted over 
the past few years by Asadi et al. (2012), Oliveira et al. (2014), Tadeu et al. (2018) 
and Henriques et al. (2020), although the impacts, the technologies and/or LC phases 
considered present some gaps that are intended to be fulfilled with this work. 

This paper is organized as follows: in the next section, we describe the method-
ological framework proposed. Subsequently, some illustrative results are discussed. 
Finally, some conclusions are drawn, and future work developments are suggested. 

3 Methodology 

The analysis starts with the identification of retrofit technologies generally employed 
in the Portuguese residential sector—also known as “business as usual”. Subse-
quently, the corresponding best EE available technologies were chosen by analyzing 
several existing funding schemes (i.e., PPEC and LTRS PT). The manufacture, pack-
aging, installation, and maintenance (MPIM) phases of the selected measures are then 
evaluated through the HIO-LCA approach, which combines Portuguese Supply and 
Use Tables (SUT) for the year 2017 at basic prices with impact data (INE, 2017, 
2019; OECD, 2017; Oliveira et al., 2014). To calculate the multiplier effects of 
each activity or component (the matrices of direct and indirect coefficients) for the 
chosen energy, economic, environmental, and social indicators, the total output of 
each relevant activity or component of the technologies under analysis is linked to 
the corresponding product using the adjusted rectangular IO table. The retrofitting 
strategies considered in this case study involve the application of six types of insu-
lation systems to the roofs and façades, with five different thicknesses, the replace-
ment of the single-glazed aluminum frame windows with double-glazed aluminum 
or PVC frame windows combined with ten types of space heating and cooling and 
DHW appliances (see Table 1). The thickness of the insulation measures consid-
ered in this study did not exceed 120 mm, since there is a lack of available data 
for higher thicknesses and because this value meets and even exceeds the minimum 
energy requirements set out by the Energy Performance Regulation of Residential 
Buildings (Ministry of Economy & Employment, 2013).
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Then, using the seasonal method employed by the Portuguese building energy 
certification system (Decree-Law 101-D/2020), the annual households’ energy 
requirements for space heating and cooling and DHW are calculated, before and 
after the interventions on the building envelope. Those needs will be later used 
to assess the impacts linked to the operation phase of the building. The impacts 
obtained with this approach were the total primary energy savings (TPES) and the 
energy payback time (EPBT)—as energy-related impacts; employment and gross 
value added (GVA) produced during the MPIM phases, savings to investment ratio 
(SIR) and net present value (NPV)—a proxy of the economic impacts; greenhouse 
gases (GHG) savings and GHG Payback Time (GPBT)—as environmental impacts 
and impact on the household budget and reduction of premature deaths—as social 
impacts. The schematic representation of the methodological approach’s implemen-
tation proposed is presented in Fig. 1. To simulate the impacts of the EE measures 
adopted, a single dwelling T2, located in Coimbra, built between 1961 and 1991, was 
chosen as a reference scenario. Regarding the characterization of the constructive 
solutions, this building does not have insulation on the roof and façades and single-
glazed aluminum frame windows are applied in its envelopment, also uses electric 
heaters for space heating and gas-fired water heater for DHW, while space cooling 
is guaranteed by natural ventilation. 

The remaining characteristics of the building can be found in Pinto and Fragoso 
(2018) and Tenente et al. (2021). 

In this work, the combined implementation of EE efficiency measures is preferred 
over the application of single ones, for the sake of the maximization of the energy 
savings of a building as well as the minimization of the costs linked to the installation 
phase. For example, if insulation is applied to the roofs and façades the energy savings 
are not the same as the sum of both individual measures and the operational costs 
would be significantly reduced, since the work could be done sequentially using just 
a part of the resources. With the foregoing in mind, the construction of different 
EE packages raises the problem of finding a common lifespan for each technology 
considered to compute the NPV, SIR, GPBT, and EPBT, for the reason that the

Fig. 1 Schematic representation of the methodological approach. Source Authors’ own elaboration 
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lifespan of the insulation measures (50 years) and that of the space heating and cooling 
and DHW systems (12 to 25 years) do not match, thus being impractical to extend the 
analysis period to the full life of the efficiency resources being analyzed. On the other 
hand, if the lifespan of the building was considered, some of the technologies would 
have to be replaced before, leading to bias in the study. Therefore, the alternative to 
computing the NPV and SIR is to depreciate the costs of the technologies over their 
lifespan and to compute the GPBT and EPBT by annualizing the embodied energy 
(Woolf et al., 2017). It is important to note that the combination of individual EE 
measures considered led to the construction of new 109,553 packages which will be 
later compared with our reference scenario in the results section. 

Rectangular Input–Output model 

Originally developed by Wassily Leontief, IO analysis allows to compute the embodi-
ments of production factors (e.g. labor and energy) and pollutants (e.g. CO2 emissions 
and waste), per unit of final consumption of commodities, by obtaining the total factor 
multipliers using IO tables that can be obtainable in diverse structures, according to 
three main criteria (Miller & Blair, 2009; Sargento et al., 2011): (1) symmetric or 
rectangular format; (2) total or domestic-use flows; (3) valuation prices (basic prices 
or purchasers’ prices). Rectangular tables at purchaser’s prices (in particular, the SUT 
framework) were firstly introduced by the European System of Accounts (ESA) in 
1995, having the ability to consider both the primary and secondary commodities 
of each industrial sector (Horowitz & Planting, 2006). The Supply/Make matrix is 
of industry-by-commodity type, giving information on the industrial production of 
commodities. On the other hand, the Use matrix is of commodity-by-industry type, 
providing information on the commodities consumed by industries and final users. 
This format is called rectangular, because the number of commodities included in 
the model may be higher than the number of industries (Miller & Blair, 2009). Since 
the SUT framework requires either the consideration of industry or product tech-
nology assumption, this work used the industry technology assumption due to the 
input structure of an industry that remains unchanged regardless of its product mix, 
meaning that the technology assigned to the production of secondary products of an 
industry depends on the industry where it is produced (Miller & Blair, 2009; Raa  &  
Rueda-Cantuche, 2007). 

To start this approach each element of the use table (ui j  ) is divided by the total 
output of industry j (gi ) and each element of the supply table (mi j ) is divided by the 
total demand of product i (qi ), to obtain the partitioned matrix D: 

D =
[
0 Q 
S 0

]
, where each element of Q is given by ui j  

g j 
and each element of S is 

obtained by mi j  

q j 
. 

From D, considering the final demand aggregated into a single vector and then 
employing the general formulas for computing the inverse matrix it is possible to 
obtain the expression (1) (for further details see Miller & Blair, 2009).
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[
I −Q 
−S I

]−1 

=
[
(I − QS)−1 (I − QS)−1 Q 
S(I − QS)−1 I + S(I − QS)−1 Q

]
(1) 

From the rectangular IO model, it is possible to derive the expression (3) which 
is analogous to the Leontief inverse matrix, delivering an industry-by-commodity 
total requirements table, representing the total (direct and indirect) variation of each 
impact considered from industry j caused by the variation of one unit of final demand 
of commodity i (Miller & Blair, 2009; Locker et al. 2009). First, it is necessary to 
calculate the direct impact coefficients R, where each element,rk j  , is the amount 
of impact k produced per monetary unit of industry j’s output (Hendrickson et al., 
1998, 2006; Marques et al., 2006). Hence, the level of impacts associated with a 
given vector of total outputs is expressed in the expression (2) where r is the vector 
of impact levels: 

r = Rx (2) 

Consequently, when parameter xi in Eq. (2) is replaced by the equation presented 
on the inferior left side of (1) it is obtained: 

r = R[
S(I − QS)−1] y (3) 

In the assessment of the domestic impacts directly linked to each LC phase, the 
SUT format at basic prices was used, removing the imports. 

4 Results 

In this section, the main results found are presented in Tables 2 and 3 and discussed 
hereafter.

In this section, the main results found are presented in Tables 2 and 3 and discussed 
hereafter. 

Starting with the performance of our reference building, its annual total primary 
energy consumption (TPEC) can go up to 0.15 TJ, the GHG emissions can achieve 
5.24 tonnes of CO2eq, the costs related to energy supply and environmental impacts, 
exempted of taxes can reach 1937e, the household energy bill can attain 3722e, and 
the potential number of premature deaths caused by particulate matter emissions can 
achieve about 6.48E-09. Regarding GVA and employment impacts created during 
the MPIM phases, since none of the business as usual (BAU) technologies in place 
will be produced again to be part of the energy efficiency packages, their value is 
null. 

According to our analysis, results show that the solutions which exclusively 
employ extruded polystyrene (XPS) for roof insulation present the highest SIR and 
the lowest GPBT and EPBT. Package nº 151, which only adds 40 mm of thickness’
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XPS, allows the annual savings to exceed the annualized investment 23.83 times, 
while package 265, which only adds XPS with 60 mm of thickness, minimizes the 
time needed to recover the embodied energy and GHG emissions in the MPIM phases, 
up to 0.185 days and 0.327 days, respectively. Regarding packages that combine roof 
and façades insulation with space heating and cooling and DHW systems, package 
10,965 composed of XPS with 80 mm of thickness for roof and façades insulation 
and a heat pump for replacing the electric heater for space heating is the solution 
with the highest annualized NPV that can go up to 1301.00e. Solution 18,150 allows 
reducing up to 65.23% of the potential number of premature deaths and consists in 
adding XPS with 120 mm and 100 mm of thickness to the façades and roof, respec-
tively, by a heat pump to replace the electric heater and by an electric water heater 
to substitute the gas-fired water heater. The solution that maximizes the household 
budget is package 18,331 composed of XPS with 120 mm of thickness for insulation 
of roof and façades, double-glazed PVC frame windows to replace the single-glazed 
aluminum windows in use, and a biomass boiler for space heating and DHW. This 
solution allows for increasing the budget of a family in the poverty risk threshold 
by up to 31%. Package 18,335 made of XPS with 120 mm of thickness for insula-
tion of roof and façades, double-glazed PVC frame windows, and a heat pump for 
space heating and cooling and DHW, is the solution that reaches the highest energy 
savings of about 0.1350 TJ. Package 91,257, which includes adding insulation cork 
board (ICB) with a thickness of 120 mm for roof and façade insulation and a heat 
pump for space heating and cooling as well as DHW, is the greatest way to increase 
economic and labor benefits. With this method, 0.00997 annualized full-time equiv-
alent employment can be produced in the MPIM stages, and the GVA can increase to 
402.00e. Finally, the package that maximizes the GHG savings (4.64 tons of CO2eq) 
is the 18,339 composed of XPS with 120 mm of thickness for insulation of roof and 
façades, double-glazed PVC frame windows, and a heat pump for space heating and 
cooling and a DHW heat pump for DHW. 

After describing the best performances in each impact attained by the packages 
considered is important for the DMs to understand that trade-offs are always needed 
for selecting the best EE solutions to be funded. Therefore, taking into account the 
annualized SIR of the remaining packages this value varies from 1.15 to 20.68. 
In terms of TPES and GHG savings, the variation of these impacts can range 
from 0.0537 TJ to 0.1348 TJ, and from 1.81 tonnes of CO2eq to 4.62 tonnes of 
CO2eq, respectively. This results in an EPBT that can range from 0.190 to 7.32 days 
and a GPBT that can range from 0.335 to 17.21 days. The annualized NPV can 
change between 226.45e and 1196.60e. During the MPIM phases, the employment 
and GVA creation values per year of the technologies’ lifespan can range between 
0.000198 and 0.00696, or 5.76e and 244.00e, respectively. By using packages 151, 
265, and 10,965, the potential number of premature deaths can be decreased by 
32.61, 35.58, and 23.41%, whereas packages 18,331, 18,335, 91,257, 18,339, and 
18,254 will result in an increase of up to 4119.57%, 63.20%, 96.75%, 16.38%, and 
5773.64%, respectively. Finally, using packages 18,335, 91,257, 18,339, and 18,254, 
the household budget can increase by up to 30%.
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If carbon-neutrality of biomass is considered the solution that allows achieving the 
highest GHG savings, changes from package 18,339 to package 18,254 composed of 
XPS with 120 mm of thickness for insulation of roof and façades, double-glazed PVC 
frame windows, and a biomass boiler for space heating and DHW. This solution can 
maximize the GHG savings by up to 5.08 tons of CO2eq. Additionally, in package 
18,331 GHG emissions and the annualized GPBT decrease by 2.17 tons of CO2eq 
and about 9 days, respectively, while SIR can increase up to 0.14 and NPV reach 
91.20e. 

The findings show that the methodology outlined in this study should be supported 
in the decision-making process for the funding of EE measures because it allows for 
the development of a comprehensive evaluation of the impacts of investing in the tech-
nologies being examined, integrating the manufacturing, packaging, installation, and 
maintenance phases with the operation phase. Another benefit of this methodology 
is its ability to interact with different methodologies for assessing the energy needs 
of buildings, such as the seasonal approach employed in this study or the dynamic 
simulation method. In addition to energy savings and GHG emissions, the use of IO 
methodologies also enables the examination of several other impacts and benefits 
that are crucial for decision-making when designing new programs to finance EE. 

5 Conclusions and Further Research 

This paper presents a novel methodological approach that integrates an HIO-LCA 
framework with the Portuguese seasonal method employed by the Portuguese 
building energy certification system for calculating the energy performance of build-
ings, to evaluate the energy, economic, environmental, and social benefits/impacts of 
investing in distinct EE packages in the Portuguese residential sector. These packages 
have been created through the combination of thermal insulation options for roofs 
and façades, with the replacement of windows, also considering the use of space 
heating and cooling and DHW systems using a solar collector as a backup. Through 
this methodology different lifecycle phases are considered, in addition to operation, 
the SUT structure is employed instead of the symmetric format for reasons of more 
comprehensiveness, and DMs are supported to design suitable EE funding policies. 
This methodology was tested using the characteristics of a T2 single dwelling built 
between 1961 and 1991, located in Coimbra. 

Our findings suggest that package 151 presents the highest SIR; package 265 
minimizes the EPBT and GPBT; package 91,257 is the best solution to increase the 
economic and labor benefits; package 18,339 is the “cleanest” one; package 10,965 
has the highest annualized NPV; package 18,331 maximizes the household budget 
of a family under poverty risk; package 18,150 has the highest potential to reduce 
premature deaths, and solution 18,335 reaches the highest energy savings. If carbon-
neutrality is assumed for biomass, the minimization of GHG savings is obtained with 
solution 18,254.
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Given these trade-offs, it is evident that multiobjective optimization methods that 
incorporate the impacts and benefits assessed by the methodology described in this 
study are essential for assisting DMs in modeling different investment strategies and 
designing future EE programs that reflect their preferences. Further research is also 
expected to cover the assessment of other Portuguese locations, other sorts of impacts 
(i.e., on public budget and energy poverty), and the consideration of the end-of-life 
phase. 
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1 Introduction 

Despite the prolific number of studies investigating the effects of EU funds, empir-
ical evidence shows mixed, and, sometimes, contradictory, results (Gramillano et al., 
2018a, b). While some authors found a positive effect of EU funds on the economic 
growth of regions (Puigcerver-Penalver et al., 2007), others highlighted the existence 
of a maximum desirable level of funds transfer, beyond which the funds may increase 
regional gaps within countries (Kyriacou & Roca-Sagales, 2012). Also, some contri-
butions acknowledged no statistically significant impact of Cohesion Funds (CF) on 
convergence, underlining how disparities persist in the EU (Dall’Erba & Le Gallo, 
2008). 

As Scotti et al. (2022) emphasized, although the EU Cohesion Policy has progres-
sively diversified the sectors targeted for funding, with possible heterogeneous 
impacts on local growth, the literature is still largely oriented to the analysis of aggre-
gate impacts. Thus, these authors proposed a granular investigation of the sectoral 
impacts of Structural and CF on European NUTS 2 regions for the period 2007–2014 
and concluded that expenditures in energy, Research and Development (R&D), and 
transportation sectors stimulated a higher Gross Domestic Product (GDP) per capita, 
consistently reducing production costs, increasing accessibility and innovation in the 
beneficiary regions. 

Moreover, the assessment of funded programs is still a largely discussed topic. 
In this regard, the EC identified two main assessment problems with the system of 
indicators (Nigohosyan & Vutsova, 2018): difficulties in establishing the cause-and-
effect relationships between actions, results, and impacts, due to the influence of 
external factors; and difficulties in measuring the impacts, because they are usually 
the cumulative effect of many actions, affect diverse populations, and it takes time for 
them to show their actual effects. For the 2014–2020 period the EC tried to overcome 
these difficulties in the ERDF context by discarding the concept of impact indica-
tors and introducing a new intervention logic. Nevertheless, Nigohosyan & Vutsova 
(2018) claimed that despite the changes, some of the identified problems with the 
indicators were not solved. Besides, these authors suggested that ongoing evaluations 
should include activity’s in-depth analysis of the relevance of the selected output indi-
cators. All in all, Nigohosyan & Vutsova (2018) consider that the introduced changes 
are well-intended, but they still need to be perfected. The system of common output 
indicators should be re-examined, while the requirements for the result indicators 
should not be contradictory. The current practices show that even solid and logical 
principles, such as the fact that EU policies should reflect economic, social, political, 
and institutional differences to maximize both the local and the aggregate potential 
for economic growth (Barca & McCann, 2012), might not be sufficient when the 
different countries select indicators.
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Furthermore, in the current programming period (2021–2027), the lessons learned 
from other programming experiences within and beyond the European Structural and 
Investment Fund (ESIF) framework can make a difference, since ESIF operates in 
very different local contexts and handles very heterogeneous economic and social 
regional environments. In this framework, a previous study by Bachtler & Wren 
(2006) reported that even if Cohesion Policy had a unified regulatory framework, it 
should address different national and regional circumstances embedded in a variety of 
institutional arrangements, bearing in mind that its operations comprise a multiplicity 
of measures and a diversity of national, regional, and local rules and systems. 

Additionally, programs consist of a range of interventions (physical and economic 
infrastructures, business and technological developments, human resources, innova-
tion, and environmental improvement) based on a mix of financial instruments for 
many types of beneficiaries. This variety of targets and contextual conditions is per 
se a challenge for any evaluation exercise (Henriques & Viseu, 2022a, b). 

In this vein, Nigohosyan & Vutsova (2018) emphasized that the EC should try, 
in the next programming period (i.e., 2021–2027), to unify as much as possible the 
understanding of indicators under the different EU funds. An easy step would be 
the inclusion of all indicators into a single guidance document. Their study assessed 
the possibility of expanding the current list of common output indicators and the 
feasibility of developing a list of common direct result indicators for post-2020 
ERDF and CF interventions. 

Regarding the allocation of the EU budget, Gramillano et al. (2018a, b) suggested 
that spatial and sectoral effects can contribute to the design of more effective distri-
bution of EU funds. Also, due to the wide variety of projects financed by CF, the 
EU Regional Cohesion Policy has been defined as a “do it all policy”. Hence, 
policymakers are currently focused on the economic impact of investments across 
different sectors, since heterogeneous levels of local development may be achieved 
depending on the economic activity in which the EU transfers are allocated (Cortuk & 
Guler, 2015). Indeed, investments in certain sectors might have immediate positive 
effects, while other types of investments might generate a significant impact only in 
a long-term perspective (Scandizzo et al., 2020). 

Moreover, the magnitude of economic multipliers might be different across sectors 
and dependent on the level of diversification and complementarity of expenditures 
(Auerbach & Gorodnichenko, 2012; Duranton & Venables, 2021). 

With the foregoing in mind, we investigate the current major issues inherent to the 
assessment of ESIF committed to three TOs: R&I, LCE, and ICT. A literature review 
on ERDF implementations is conducted, with a specific focus on the PT situation, 
as well as its evaluation and reporting practices. 

The research questions that we want to address are the following: 
RQ1: “What are the main areas of concern of the studies devoted to the assessment 

of ERDF?” 
RQ2. “What are the main challenges inherent to the selection of the vari-

ables/indicators in the assessment of ERDF?” 
RQ3. “What are the best practices found in the assessment of ERDF?”
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RQ4. “What are the main gaps found regarding the methodologies used to assess 
ERDF?” 

This paper is structured as follows. In Sect. 2 a systematized literature review is 
conducted. Section 3 goes through the Portuguese case. Section 4 describes the main 
results found for the Portuguese assessment and reporting systems. Finally, some 
conclusions are presented, and future work developments are indicated. 

2 Literature Review 

A systematic literature review has been done on the Web of Knowledge database, using 
a set of keywords combined with Boolean operators, and it covers a wide number of 
data sources (i.e., scientific journals, books, proceeding papers, etc.). Data collected 
from EU Reporting were also attained in the analysis. The bibliographic results were 
saved in data files and comprise the search over all the publication content. These 
text files were collected and manipulated using Vosviewer (i.e., https://www.vosvie 
wer.com/) to map the bibliographic content—see Figs. 1 and 2. 

By using the keywords “EU funds”, the search returned 28,809 references that 
were filtered regarding the type of publication and then coupled with our focal 
interest, that is the “ERDF”. The latter generated 1,200 references, and while 
combined conjunctively (i.e., using the “AND” operator) with the “EU funds” 
keyword returned 532 references. These were extracted from the database to be 
mapped by Vosviewer. Besides, another collection of references was obtained by 
adding “Portugal” and “Funds” to the “ERDF” keyword. 

As can be observed in Fig. 1a the research published so far regarding the EU funds 
mostly focus on the cohesion policy and, entering a deep detail, “structural funds” 
and “regional development” appear as commonly referenced keyword, as, mapped 
in Fig. 2a.

(a) (b) 

Fig. 1 Bibliometric clustering a and timeline b for EU combined with ERDF and funds. Source 
Authors’ own elaboration

https://www.vosviewer.com/
https://www.vosviewer.com/
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(a) (b) 

Fig. 2 Bibliometric clustering with highlight focus on a central thematic and b PT-related arcs. 
Source Authors’ own elaboration

While introducing the timeline into the data collection (Fig. 1b), the global 
cluster results show that most references are up to 2016 (green). Also, more recent 
publications depict a higher concern over the following themes: “sustainability”, 
“smart specialization”, “high education”, or “regional disparities” (yellow). These 
are topics quite prominent in today’s EU political agenda and are in line with the 
latest worldwide concerns. 

Finally, regarding Portugal (Fig. 2b), most of the studies address “regional 
development”, but “competitiveness”, “higher education”, “innovation” or “rural 
development” are also part of the connecting arcs. 

Subsequently, the literature review was systematized by grouping the references 
into four categories: Data and variables selection; Indicators and monitoring; Best 
Practices; and Methods. 

2.1 Data and Variables Selection 

The lack of data and the heterogeneous definitions of relevant indicators further 
complicate the analysis of the Operational Programs (OPs) funded by ERDF 
(Henriques et al., 2022a, b). Both, policy and economic performance/outcome indi-
cators can be measured/proxied by different variables and the choice of these proxies 
may have important implications for the results of the various analyses (Pastor et al., 
2010). In most cases, the policy variables under study are ‘payments’ or ‘commit-
ments’ and ‘GDP Growth Rate Per Capita’ or ‘Employment Rate’, which are used as 
proxies for economic performance. Therefore, the choice of the policy variables can 
be a determinant factor for the design and results of empirical analyses. For example, 
the use of actual policy ‘expenditure’ data instead of ‘commitments’, means having 
to consider the duration of the entire OP (Crescenzi & Giua, 2016).
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Additionally, the data available to perform the assessments varies considerably 
with the type of TO under scrutiny. In the case of R&I (TO1), policymakers face 
additional challenges in the assessment of R&I policies, notably because of the 
scarcity of suitable data (Henriques et al., 2022a; Ortiz & Fernandez, 2022). The 
sparsity of regional-level research and data on ICT (TO2) at the firm level has also 
been highlighted by Ruiz-Rodríguez et al. (2018), Reggi and Gil-Garcia (2021) and 
Henriques and Viseu (2022a, b). For example, despite the ample set of data available 
in the latest European Innovation Scoreboard (Hollanders, 2021) with some indica-
tors on ICT (e.g., Digital skills and business sector ICT specialists), Henriques & 
Viseu (2022a, b) only managed to consider three indicators for assessing the OPs 
related to boosting ICT adoption in SMEs (i.e., operations supported, eligible costs 
decided, and eligible spending). An additional difficulty refers to the identifica-
tion of EU ICT targeted investments (Sörvik & Kleibrink, 2016). Aside from being 
an economic sector, ICT is still an essential portion of many other activity-related 
sectors (for example, e-Health) and a tool to assist other activities. Since ESIF actions 
might have multiple aims, it can be hard to pinpoint the ICT-related activities within 
the designated categories when the OPs are planned. The OPs’ financial metrics 
are organized into intervention categories, TOs, and priority domains. Moreover, 
although the EU guidelines advocate that planned ICT initiatives should be classi-
fied primarily underneath TO2, these obtain funds under distinct TOs, and they are 
also integrated into various smart specialization strategies. For example, to consider 
the ICT SMEs support, there are only two dimensions of intervention that can be 
considered (Henriques & Viseu, 2022a, b; Reggi & Gil-Garcia, 2021; Sörvik & 
Kleibrink, 2016) under codes 4 and 82, that correspond to e1.7 billion and e304 
million of planned investments, respectively (Sörvik & Kleibrink, 2016). These totals 
are available under multi-TO (e810 million), TO2 (e790 million), and TO3 (e349 
million) and to a smaller level under TO1 and TO8 (Sörvik & Kleibrink, 2016). 
As a direct consequence, national and regional policymakers should use additional 
specific criteria that account for ICT results; tag expenditure that falls under other TO 
(rather than TO2) but has an ICT component; enhance the quality and completeness 
of ICT performance data at the regional and SME levels; and unify different data 
from diverse data sources (Henriques & Viseu, 2022a, b). 

Furthermore, as noticed by Henriques et al., (2022a, b), despite the perfor-
mance framework providing a set of implementation indicators, the data provided 
is frequently incomplete, and as a result, assessments end up considering a limited 
number of indicators and OPs. Finally, it is not possible to reach a complete match 
between the data obtained for the OPs’ achievements and their financial implementa-
tion. This is especially true for the investment priority dedicated to SMEs (investment 
priority 4b), under TO4 (i.e., LCE), which is meant to increase energy efficiency and 
renewable energies and includes statistics for the accomplishment metrics but not 
for their financial implementation.
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2.2 Indicators and Monitoring 

Performance appraisal techniques, as well as the selection of indicators, provide crit-
ical insights into supported programs. The different types of indicators are based 
on the following aspects (European Commission, 2013): relationship with the vari-
ables (complete, partial, and complex indicators); information processing (elemen-
tary, derived, and compound indicators); information comparability (specific and 
common indicators); and information scope (context and program indicators). The 
primary categories of indicators (input, output, and result) are provided in all ESIF 
monitoring systems; however, there are significant differences. Apart from the divi-
sion of indicators into quantitative and qualitative, the guidance documents for the 
ERDF and the European Social Fund (ESF) agree that indicators should be linked 
to the specific objectives and kept as close as possible to the activities. Regarding 
the result indicators, the major difference is that ERDF should not be limited to the 
supported entities since it addresses different local contexts and very heterogeneous 
economic and social regional realities, whereas ESF result indicators “capture the 
expected effects on participants or entities brought about by an operation” (Euro-
pean Commission, 2015). Therefore, the ERDF result indicators should capture the 
change in the Member States (MS), regions, areas, or affected populations because 
of a particular program. This leads to two main problems: difficulties in establishing 
a program’s contribution to results and problems determining the target values. 

Nonetheless, the results of Nigohosyan & Vutsova (2018) show that not all of the 
common indicators suggested by the EC follow its guidelines and the new interven-
tion logic model could still lead to unclear logical links between activities, outputs, 
and results of the programs. These findings led to the recommendation for a mid-term 
review of the common ERDF indicator system. 

Nigohosyan & Vutsova (2018) focused on the evolution of the ERDF indicators 
in the 2014–2020 programming period. The main question addressed was whether 
the new indicator system solved the problems of the past. These authors argued that 
despite the changes, the evolution of the ERDF indicators is incomplete, and it will 
likely be the reason for serious monitoring deficiencies and evaluation challenges. 

A new understanding of ‘impact’ and the exclusion of impact indicators was put 
forward in the 2014–2020 guidance for evaluating the EU Cohesion Policy and the 
new ERDF-supported OPs (Nigohosyan & Vutsova, 2018). 

Nigohosyan & Vutsova (2018) argued that despite the good justification for these 
changes, the 2014–2020 ERDF intervention logic and indicator system did not solve 
some of the well-known problems and brought new challenges to the evaluation of 
the ERDF-supported programs. The main challenges that remain to be solved are 
differing indicator concepts across the EU funds; inconsistency of the common output 
indicators; difficulties in establishing a program’s contribution to results; persistent 
problems in determining the target values for results; and broad result indicators with 
an indirect link to interventions.
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The same idea was reported by the EC (European Commission, 2018) clarifying 
the core differences between the period 2014–2020 and the ongoing Period 2021– 
2027. Supported on the key concept of simplification (i.e., more comparable data 
based on the use of fewer indicators), the 11 TO originated 5 Policy Objectives; 
the 3,573 Specific Objectives gave place to 21 Specific Objectives. Regarding the 
Results, the 5,082 program-specific indicators were replaced by 85 common indica-
tors plus program specific; and on the outputs reporting side, 46 common indicators 
(6,481 records) and 4,813 program-specific indicators, were replaced by 85 common 
indicators plus program specific. 

Also, in the 2014–2020 period, roughly half of the common ERDF output indi-
cators could be viewed as another type of indicator (inputs or results). Indeed, some 
indicators can be viewed as output indicators in one context, and result indicators in 
another (e.g., the indicator “Reduction of greenhouse gases”). 

All along the developed research, Gramillano et al. (2018a, b), identified and 
emphasized the need for the harmonization and simplification of the used indicators. 
More comparable data based on the use of fewer indicators than those defined for 
the period 2014–2020 is desirable. Apart from the provided framework of common 
indicators, a match between the data gathered for the achievement indicators and the 
data from financial implementation is not fully feasible. Moreover, the data reported 
is often lacking (Henriques et al., 2022a, b). This is particularly true regarding the 
PT case, where the level of data details and the reporting practices frequently over-
look common standards that hamper the programs evaluations and national OPs’ 
comparability. 

2.3 Best Practices 

Many authors agree on the importance of “learning from the past”. To make it feasible, 
some additional care must be placed on the chosen variables, the selected and moni-
toring indicators, and the implemented methodologies, since these are relevant to 
enhance that learning process. 

Furthermore, to hasten the execution of the OPs, best practices from other MS 
should be examined, and administrative hurdles to obtaining funds should be reduced. 
MA should look for methods to boost project delivery by promoting the streamlining 
of payment request protocols and giving more guidance and support (Henriques et al., 
2022b). 

Frequently, assessment reports indicate that certain firms have revoked their subsi-
dies, most likely owing to bank credit difficulties. In this respect, MA should be 
prepared to support businesses in securing additional financing options while also 
simplifying the conditions for attracting other institutional investors (Henriques et al., 
2022b). 

Gramillano et al. (2018a, b), presented a system of common indicators for the 
ERDF and CF interventions after 2020. The analysis performed covers the 11 TOs 
and is structured in two parts (I, for TOs 1, 3, 4, 5 and 6, and II for TOs 2, 7, 8, 9, 10 and
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11). In this study, indicators (i.e., common output and direct result indicators) were 
evaluated according to their quality assessment, supported by key RACER principles 
(i.e., R (relevant), A (accepted), C (credible), E (easy to monitor), R (robust)) and 
other revised criteria (e.g., CREAM matrix assessment that sets out five criteria: 
Clear, Relevant, Economic and Available at a reasonable cost, adequate to provide 
information useful to assess performance and able to Monitor). 

Moreover, time-bound indicators are also critical since they provide dates for 
measurement over time and monitoring is based on annual reporting or at least 
takes place at the end of the project. Besides, a debatable criterion should also be 
emphasized. Here, MA consultation collects information on the use of common 
output indicators to conduct benchmarking analyses or at least to use them in the 
future. This is to verify how much comparable information from 2014–2020 common 
outputs has been exploited since comparability is a major advantage of common 
indicators. 

Globally, apart from the continuity of the best achievements from 2014–2020, the 
EC focused on: (i) the match of common outputs and results for interventions; (ii) 
simplification, harmonization, and data comparability; (iii) broader policy coverage; 
(iv) flexibility; (v) alignment with ESF; (vi) aggregation from project level; (vii) 
RACER—Financial Regulation criteria (Gramillano et al., 2018a). 

Some clarification on the common ERDF and CF indicators was prompted by the 
EU (2018, Annex I and II), namely for the indicators to be selected in the programs, 
the data to be collected from projects via the monitoring systems, and the aggregated 
data reported by MS to the EC. 

So, as suggested by Nigohosyan & Vutsova (2018), the EC should try in the next 
programming period to unify as much as possible the understanding of indicators 
under the different EU funds. An easy step would be the inclusion of all indicators 
into a single guidance document. 

2.4 Methods 

The literature evaluation identified desk research, monitoring data/data analysis, 
interviews, focus groups/facilitated workshops, surveys, and case studies as the 
major applied techniques to analyze ERDF TOs. Notwithstanding, the MS efforts 
to improve cohesion policy appraisal, only very few evaluations use more reli-
able methodologies, such as statistical methods or other mathematical techniques 
(Henriques et al, 2022a, b). Non-parametric approaches, like DEA, have turned into 
a noteworthy methodological alternative to the traditional approaches employed in 
similar contexts. The key benefit of utilizing this mathematical approach is the type of 
information that it can provide to MA on the inefficiency of the OPs when compared 
to their counterparts. 

The benchmarks of inefficient OPs are also determined by DEA, and significant 
information about the best practices to follow to reach efficiency may be obtained. 
Nonparametric approaches, such as DEA, may readily manage many assessment
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criteria. Furthermore, DEA can help identify the key reasons that hamper efficiency, 
supplying policymakers with relevant knowledge on how to solve them. For example, 
Gómez-García et al. (2012) evaluated the efficiency of the implementation of ESIF 
allocated to TO1 in this context. Furthermore, Gouveia et al. (2021) used the Value-
Based DEA method to evaluate the implementation of an ESIF aimed at enhancing 
the competitiveness of SMEs throughout multiple OPs (national and regional). In 
addition, Henriques et al. (2022b) evaluated 102 OPs from 22 EU nations dedicated 
to supporting an LCE in SMEs using the output-oriented variant of the slack-based 
measure (SBM) paired with cluster analysis. Lastly, Henriques et al. (2022a) evalu-
ated 53 OPs from 19 MS committed to boosting R&I in SMEs using the non-oriented 
form of the network SBM approach in conjunction with cluster analysis. 

Furthermore, DEA models are easily adaptable to evaluate different TOs if the 
basic rule proposed by Golany et al. (1989) is followed, namely, the number of 
DMUs (in this case, the OPs, EU funds, regions, countries, etc.) under evaluation 
should at least double the number of inputs and outputs (the indicators used in 
the evaluation). Though DEA offers undeniable benefits over other conventional 
methods (for example, microeconomic analyses that utilize control groups and case 
study analysis), there is currently a dearth of academic interest in its application in 
the context of ESIF efficiency appraisal. 

This form of analysis is especially important if the programs are still in progress 
since it allows MA to predict the influence that prospective changes in output/input 
levels would have on the levels of efficiency attained by the OPs. 

Unlike other approaches and methodologies that are specially applied for ex-post 
or ex-ante evaluation of cohesion policies, the DEA approach allows us to assess the 
efficiency of OPs’ deployment across the programmatic time horizon (thus allowing 
us to perform midterm/terminal assessments), so that the required initiatives can be 
implemented within the time necessary for producing the appropriate changes during 
the timeframe in headway. 

Due to the lack of more robust approaches during midterm/terminal assessments, 
the adoption of nonparametric methodologies can be particularly beneficial and suit-
able, mostly because the existing metrics for appraising the Cohesion Policy can 
be employed with other methodologies and contextual indicators. This can be done 
by combining this sort of analysis with Stochastic Frontier Approach (SFA), for 
example, thus allowing us to understand if the inefficient results obtained are mainly 
related to managerial failures or to the contextual environment or statistical noise 
(Henriques & Viseu, 2022a, b). 

3 The Portuguese Case: Main Findings 

For the PT OPs, different funding dimensions on ERDF were exploited and charac-
terized. Apart from data collection, data curation (i.e., identification of missing and 
null values, data consistency, etc.), data characterization (i.e., evaluation of the main 
statistics), and some data visualizations were used to analyze the PT public dataset.
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The ESIF comprises the allocation of e461 billion and is distributed by six 
funds—See Fig. 3a. In 2014, a partnership agreement (PA) between Portugal and 
the European Commission, called Portugal 2020 (P2020), was signed. Based on that 
partnership an ESIF budget of e25,860 million was assigned to Portugal, which 
represents about 5% of the ESIF for all MS and about 2,561e per capita. The P2020 
programming and implementation were divided into four thematic domains (Vaquero 
et al., 2020): competitiveness and internationalization, social inclusion and employ-
ment, human capital and sustainability and efficiency in the use of resources, and 
seven regional operational programs (OPs). The distribution of the ESIF funds shows 
that approximately 79% of the total amount assigned to Portugal, goes to the three 
funds included in the Cohesion Policies, that is, ERDF (45.3%), ESF (24.7%), and 
CF (9%) (European Commission, 2022). 

In terms of eligibility for the ESIF (ERDF, CF, ESF, EAFRD, and EMFF), the 
seven Portuguese regions are divided into Less developed regions (GDP per capita 
<75% EU average): Norte, Centro, Alentejo, and the Azores, with a co-financing 
rate of 85%; Regions of transition (GDP per capita between 75 and 90%): Algarve, 
with a co-financing rate of 80%; and More developed regions (GDP per capita 
>90%): Lisboa and Madeira, with a co-financing rate of 50% to Lisboa and 85% 
to Madeira. Figure 3 depicts the execution of the EU funds in Portugal per type of 
region. As formerly stated, the programming and implementation defined by the PA 
for Portugal are based on four key thematic domains, also considering two transversal 
dimensions and seven OPs regarding the integrated intervention at the territorial level 
(Vaquero et al., 2020). 

The defined TOs are concentrated on a series of priorities as R&I (TO1), ICT 
(TO2), business competitiveness (TO3), and the LCE (TO4) that fulfill regulatory 
requirements (74% in less developed regions; 69% in the region of transition of 
Algarve; 67% in the outermost regions of Madeira and Azores; 73% in the more

(a) (b) 

Fig. 3 ERDF “Total Eligible Costs Decided” and “Total spending” (Eligible Expenditure Declared) 
for a Less Developed Regions, and b More Developed, Transition, and outermost regions. Source 
https://cohesiondata.ec.europa.eu/funds/erdf 

https://cohesiondata.ec.europa.eu/funds/erdf
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developed region of Lisbon). According to the data available on the P2020 website, 
about 95% of the budget allocated to Portugal was already spent. 

Regarding the evaluation of the PT programs, many difficulties were found 
regarding data collection. These were due namely to the usage of different reporting 
nomenclatures across the various PT regions and OPs (see e.g., the reports available at 
https://portugal2020.pt/portugal-2020/o-que-e-o-portugal-2020/). The autonomous 
reporting of the lists of Operations referring to P2020 can partially justify those 
differences (e.g., an ID of investment priority named as 1.1, 1.a, and 1a; the same 
about indicator CO01 or O.04.02.02.C for the same indicator in investment priority 
4.b). Also, these generate some inconsistencies while comparing data at the regional 
level (i.e., Norte2020, Centro 2020, Alentejo2020, Lisboa2020, Algarve2020 and 
Madeira e Açores 2020). Another important issue regarding the reporting practices 
is related to the monitoring periods. The details on data are not uniform for the 
various programs or the monitored variables. Therefore, making it very hard or even 
impossible the development of comparative studies. 

Concerning the assessment indicators, the EU Observations Report on the PT-
funded programs noticed a very positive evolution in Norte OP regarding the 
construction and definition of the indicator framework. That evolution resulted from 
(i) the interaction between the regional entities responsible for the programming 
process and the evaluation team; (ii) the process of harmonizing the bases of indi-
cators at the national level; (iii) the interaction between national entities and the EC 
(European Commission, 2014a, b). 

Following the main funding priorities for the PT programs, our study focuses 
on three TOs: LCE; R&I; and ICT. To perform the analysis, data were collected 
from public EU sources on ERDF, the dataset was afterward analyzed, and some 
preliminary results are illustrated in Fig. 3a and b. 

As it can be observed in Fig. 3a, for the “Less Developed Regions”, the programs 
showing higher values are “Competitiveness and Internationalization” (i.e., TO3) 
followed by the OPs of “Norte” and “Centro” regarding both, the “Total Eligible 
Costs Decided” and the “Total spending (Eligible Expenditure Declared)” (see the 
ESIF_2014-2020 categorization file available at https://cohesiondata.ec.europa.eu/ 
funds/erdf). 

In 2020, more developed regions, “Lisboa” and “Madeira”, registered quite 
different behaviors, with Madeira having a “Total spending” around half of the 
“Decided value”, while Lisboa registered a lower rate of execution. As “Outermost 
Regions”, Azores and Madeira (i.e., funds 17,740,636,416e and 11,207,915,405e) 
both presented an even better execution rate in 2020—see Fig. 3b. 

In less developed PT regions, i.e., Norte, Centro, Alentejo, and Azores; the highest 
“Decided values” were assigned to Multi Thematic Objectives, immediately followed 
ex aequo by “Educational and Vocational Training” and R&I, subsequently followed 
by the “Competitiveness of Small and Medium Enterprises”. The LCE and ICT are 
in the detached area of the graphic (i.e., split for representing less than 10%), with 
percentages around 1% or even lower—see Fig. 4.

Concerning the regions of Transition i.e., Algarve; the highest percentage is allo-
cated to “SMEs’ Competitiveness” with 43% of the funds. R&I, LCE and ICT

https://portugal2020.pt/portugal-2020/o-que-e-o-portugal-2020/
https://cohesiondata.ec.europa.eu/funds/erdf
https://cohesiondata.ec.europa.eu/funds/erdf
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Fig. 4 Total eligible costs decided for less developed regions, 2014–2020, ERDF allocated to PT, 
evaluated for 2020 as a function of the TOs

have higher representativeness than that observed in less developed regions, but 
the decided value represents less than 10% of the total, see the detached area of the 
graph—Fig. 5. 

In the more developed regions, the R&I TO appears again with a high representa-
tive percentage, followed by the SMEs’ competitiveness (TO3)—see Fig. 6. The  TOs  
related to LCE, and ICT registered again a lower percentage of the “Total decided”.

For the “Total eligible costs decided” it can be noticed that Multiple Thematic 
Objectives have the highest values, followed by R&I (TO1) and by Competitiveness 
of SMEs (TO3), whereas LCE (TO4) and ICT (TO2) obtain the lowest values— 
see Fig. 7a. Similar behavior is observed for the “Total spending”, only with the 
“Educational and Vocational Training” registering the highest values—see Fig. 7b.

Fig. 5 Total eligible costs decided for transition regions, 2014–2020, ERDF allocated to PT, 
evaluated for 2020 as a function of the TOs 
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Fig. 6 Total eligible costs decided for more developed regions, 2014–2020, ERDF allocated to PT, 
evaluated for 2020 as a function of the TOs

(a) (b) 

Fig. 7 a Total eligible costs decided and b total spending (Eligible Expenditure Declared) for 2014– 
2020. Source EC, ESIF, available at https://cohesiondata.ec.europa.eu/2014-2020/ESIF-2014-2020 

4 Conclusions 

This study explores the present key challenges associated with the evaluation of 
ERDF committed to three TOs: R&I, LCE, and ICT. A study of the literature on 
ERDF deployment is done, with a particular emphasis on the PT case, as well as its 
assessment and reporting processes. 

The answers to our research questions are given below. 
RQ1: “What are the main areas of concern of the studies devoted to the assessment 

of ERDF?” 
The literature review allowed us to conclude that more recent publications dedi-

cated to the assessment of ERDF show a higher concern over the following themes: 
“sustainability”, “smart specialization”, “high education” and “regional disparities”. 
In the case of Portugal, most of the studies focus on “regional development”, also 
contemplating concerns on “competitiveness”, “higher education”, “innovation” or 
“rural development”.

https://cohesiondata.ec.europa.eu/2014-2020/ESIF-2014-2020
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RQ2: “What are the main challenges inherent to the selection of the vari-
ables/indicators in the assessment of ERDF?” 

Overall, there is a lack of data availability that makes it difficult to assess all the 
OPs targeted to be funded. Besides, there is no full match between the financial data 
and the corresponding achievements per TO and dimensions of intervention. 

We were also able to ascertain that the data available to perform the evaluations 
differ significantly with the type of TO under scrutiny. In this sense, there is scarce 
data availability on ICT (TO2) both at the regional and firm levels. 

Regarding the PT case, the data analyses allowed us to conclude that there is a 
significant gap in some of the ERDF initiatives, particularly for the TO2 and TO4, i.e., 
ICT and LCE. Besides, it was possible to identify a scarcity of data publicly available 
for the PT OPs, in general, and various reporting conflicts. These issues hampered 
the possibility of performing deeper analysis, involving, for example, an in-depth 
comparison across regions’ performance or even enabling productivity analysis. 

RQ3: “What are the best practices found in the assessment of ERDF?” 
We were able to conclude that the best practices highlight the necessity for indi-

cator harmonization and simplification. A possible way to do this would be the 
inclusion of all indicators in a single guidance document. It would be desirable to 
further enhance the quality and comprehensiveness of ICT performance data both at 
the regional and SMEs levels. Finally, it would be preferable to have more compa-
rable statistics based on the usage of fewer metrics than those established from 2014 
to 2020. 

RQ4: “What are the main gaps found in the methodologies used to assess ESIF 
funds?” 

Only a small number of assessments employ more consistent methodologies, such 
as statistical analyses or other mathematical tools. Non-parametric methods, such as 
DEA, have emerged as a significant quantitative option to the standard methodologies 
used in comparable circumstances. The primary advantage of employing this math-
ematical technique is the source of data that it can supply to MA on the inefficiency 
of the OPs when compared to their peers. 

DEA also determines the benchmarks of inefficient OPs, and relevant data on the 
best procedures to follow to achieve efficiency may be gathered. Nonparametric tech-
niques, such as DEA, may handle multiple evaluation criteria. Additionally, DEA 
can assist in identifying the primary causes of inefficiency, providing policymakers 
with helpful information on how to address them. Moreover, the DEA approach is 
easily adaptable to assess various TOs. This type of analysis is particularly relevant 
if the programs are already in progress because it enables MA to foresee the impact 
on the efficiency of future changes in output/input levels. Because more robust tech-
niques are lacking during midterm/terminal evaluations, the use of this nonparametric 
methodology can be especially advantageous and appropriate, because the current 
metrics for evaluating the Cohesion Policy can be combined with other methods and 
contextual factors. This may be accomplished by integrating this type of study with 
the SFA, for example, enabling us to determine if the inefficient outcomes achieved 
are mostly due to managerial failings, the contextual environment, or statistical noise.
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All in all, our findings emphasize the need for harmonization and simplification 
of the usage of indicators to evaluate the funded OPs. Besides, an important effort 
should be placed on the reporting of results to allow for better assessments and to 
avoid poor outcomes. Finally, we have identified a trade-off between the required 
detail of the achievements reported and the number of indicators used to support 
their description, i.e., comprehensiveness versus simplicity. 
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European Structural and Investment 
Funds 2021–2027: Prediction Analysis 
Based on Machine Learning Models 

Victor Santos 

ABSTRACT This research presents several machine learning algorithms and 
prediction models to anticipate the European Structural and Investment Funds (ESIF) 
application in different European Union (EU) countries. These analyses start with 
data training from 2014 to 2020 ESIF, to test and predict the application of the future 
ESI Funds for 2021–2027. We deliver an analysis focused on the priorities of each 
fund, highlighting the differences between the programs in different time periods. 
In the framework of the European Regional Development Fund (ERDF), we will 
specifically address the assessment of the following themes: support innovation of 
small and medium-sized businesses, to greener, low-carbon, and resilient projects 
with enhanced mobility. In what concerns the European Social Fund (ESF), we will 
evaluate projects that promote and increase the EU’s employment, social, educa-
tion, and skills policies, including structural reforms in these areas. Regarding the 
cohesion funds (CF), we will be targeting the improvements between the two ESIFs, 
looking at projects in the field of environment and trans-European networks in the 
area of transport infrastructure (TEN-T). In summary, we will be looking at the future 
of ESIF through the glasses of artificial intelligence. 

Keywords European structural and investment funds · Predictive analysis models ·
Predictive algorithms · CRISP-DM 

1 Introduction 

The studies available on EU funds have mainly been focused on their implementation 
by country (Nigohosyan & Vutsova, 2017), by region (Iribas & Pavia, 2010), or even 
by program (Andrade, 2016). The previous studies focus on the different levels of 
investments made or on their percentage use in local projects (De Iuliis, 2016). 
Despite the prolific methods available to perform the evaluation of ESIF, predictive 
analytics has not yet been applied in this context.
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In this framework, this work aims at proposing a broader and higher perspective 
regarding the use of predictive analysis. Towards this end, the analysis performed 
herein is done by trying to predict the total investment that will occur during the 
implementation of the next programming period of 2021–2027, according to the 
data available for the previous programming period of 2014–2020. Therefore, the 
purpose is to predict the total amount that will be devoted to each fund based on the 
difference between the total investment funds spent and the total amount planned, 
for each fund, i.e., ERDF, ESF, Youth Employment Initiative (YEI), CF, European 
Agricultural Fund for Rural Development (EAFRD), and European Maritime and 
Fisheries Fund (EMFF). 

An artificial intelligence tool has been used, specifically the Rapidminer, to test the 
best prediction model for each ESIF. In this way, it will be possible to anticipate the 
amount that should be assigned, thus decreasing the difference between the amount 
spent and planned. 

This paper is structured as follows. Section 2 delivers the literature review on the 
subject. Section 3 briefly goes through the main underpinning assumptions of the 
methodology employed. Section 4 provides the description of the implementation 
of the models. The discussion of results is given in Sect. 5. Finally, conclusions are 
drawn, highlighting the main limitations found and future work developments. 

2 Literature Review 

Several authors underline the relevance and contribution of big data analytics and the 
use of machine learning in predictive analytics, reinforcing the role and contribution 
of decision-making based on business environments (Lismont et al., 2017; Meyer 
et al., 2019; Psarras, et al., 2020). Quite important also is the methodology and all the 
processes to achieve the results. Ge et al. (2017), describe all the required processes 
for extracting the dataset from the database, namely the analysis of the metadata for 
data preparation and exploration. Only after the dataset identification and preparation, 
the regression model is selected to perform the analysis. Several hypotheses could 
be extracted from the application of the different regression methods. In this context, 
Linear Regression, Support Vector Regression (SVR), Artificial Neural Network 
(ANN), k-Nearest, Neighbors (k-NN), and M5 model tree are some of the regression 
models used according to the main goal, which could be employed to model the 
relationship between the dependent and independent variables. Each model has its 
own merits and demerits. If the main concern is to maintain the error framed to a 
short interval, the SVR should be used (Hotzlast, 2022). Although the CRISP-DM 
is not new, it is a model quite tested and serves as the main structure for the data 
science process.
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3 Methodology 

The predictive analytics process described uses the CRISP-DM process model is the 
most used and common data science process. The step-by-step analysis of the CRISP-
DM focuses its attention on the different predictive models. In many cases, it will be 
the user, not the data scientist, who will carry out the deployment steps. He/she will 
test the model application for his/her business values (i.e., model hyperparameters). 
This means that the model should be generic enough for the adaptation to different 
business variables. 

3.1 Rapidminer Automation Procedure 

To test the most used predictive methods, the Rapidminer was used as a data science 
platform that allows data engineering, model building, and machine learning opera-
tion, among others. It allows the application of the CRISP-DM model. Therefore, it 
was used to do the prediction analyses and simulations for each of the ESIFs. This 
tool has a two-phase automation procedure: the TurboPrep for data preparation and 
the AutoModel, to test and simulate the different prediction models. For the first 3 
phases of the CRISP-DM model, business understanding, data understanding, and 
data preparation were applied for each of the EU funds, i.e., ERDF, CF, ESF, EAFRD, 
and EMFF. 

Then, after the dataset preparation, the prediction models are simulated and tested 
using the AutoModel, in order to fulfill all the process modeling phases. 

4 Implementation Models 

4.1 Data Preparation of EU Funds Using Rapidminer 
TurboPrep 

The first step was to collect each dataset for each fund. The data source was directly 
obtained from the European Commission data center. The preparation was initiated 
by identifying every attribute and its meaning in the dataset. This corresponds to step 
two of the CRISP-DM model, as given below: 

Ms—country initials. 
Programme Title—program name. 
TO_short—main program thematic objective. 
National_Amount_planned—investment planned for each country. 
Total_Amount_planned—investment planned with all the contributions. 
Year—year id of the fund. 
EU_co_financing—percentage of European financing over total investment.



170 V. Santos

Fig. 1 ERDF MetaData table. Source Author’s own elaboration 

Total_eligible_cost_decided_(selected)—total investment costs of all programs 
for each country. 

Total_eligible_spending—after eligible costs, what was spent. 
Reference Date—when the investment was available. 
Some attributes were eliminated because of their redundancy, like the country’s 

name and the program’s acronym. After that, the metadata analysis table was 
obtained—see Fig. 1. 

From Fig. 2 it can be seen that a new attribute was created for this search, calculated 
by the difference between the total amount spent and the total amount planned. 
This attribute “Implemented—Planned 20,142,020” was defined for all the countries 
during all years between 2014 and 2020.

A summary of the distribution of the new variable can be shown in Fig. 3 and 
details on the statistics of central tendency are obtainable as well.

4.2 Data Modeling of EU Funds Using RapidMiner 
AutoModel 

The next phase of the CRISP-DM involves modeling and simulation for the ERDF. 
In this framework, the Auto model selects and executes all the predictive models
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Fig. 2 ERDF data preparation with TurboPrep. Source Author’s own elaboration

Fig. 3 Measures of central tendency. Source Author’s own elaboration

available in its library. The dataset of the ERDF with the new attribute was tested 
with all possible predictive models as shown in Figs. 4, 5 and 6.

The same procedure was done for the other five EU funds applying all the steps 
of the CRISP-DM model with the TurboPrep for data preparation and exploitation, 
followed by the modeling analysis on the Automodel. 

4.3 Simulation 

The Automodel enables choosing the best prediction model, with the best results and 
lower relative error, by simulating, for each model, the best value for the implemen-
tation, which is the difference between the total amount spent and the total amount 
planned. For the ERDF, the following values were achieved to consider the dependent 
variables according to Figs. 7, 8 and 9.
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Fig. 4 ERDF Automodel prediction preparation - Part 1. Source Author’s own elaboration 

Fig. 5 ERDF Automodel prediction preparation - Part 2. Source Author’s own elaboration

All the phases of the CRISP-DM model were repeated for the other five EU funds. 
In the case of the ESF, the YEI, and CF the simulator presented the best prediction 
model, which was the Generalized Linear Model, while for the remaining funds the 
best prediction model was the decision tree. From the values previously achieved it is 
possible to build a prediction table with all the funds, the best prediction algorithm, 
and their results—see Table 1.

The values presented above (Table 1), validate that there are some funds whose 
execution differs quite significantly from the amount planned (i.e., present high 
negative values). Special attention should be given particularly to the execution of
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Fig. 6 An overview of the prediction model analysis results for ERDF. Source Author’s own 
elaboration

Fig. 7 Important factors for prediction on the decision tree—simulator. Source Author’s own 
elaboration 

Fig. 8 Decision tree prediction chart. Source Author’s own elaboration
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Fig. 9 Final prediction value with the decision tree. Source Author’s own elaboration

Table 1 Final prediction 
values and best prediction 
algorithm for all the ESIF 
funds from 2014–2020 

Fund Algorithm Best prediction (e) 

ERDF Decision tree −114,525,399.98 

ESF Generalized linear model −99,689,337.84 

YEI Generalized linear model −155,441,623.41 

CF Generalized linear model −607,929,889.64 

EAFRD Decision tree −750,440,879.00 

EMFF Decision tree −5,635,428,302.54 

Total amount allocated 2014–2020 525,729,732,702.00 

Total amount allocated 2021–2027 
(dated 2021) 

215,200,372,408.00 

Source Author’s own elaboration

EMFF. Although some priorities for the 2021–2027 ESIF are different and have been 
reduced from eleven to five objectives, this research proposes a method to reduce the 
total amounts planned. 

5 Conclusions and Further Research 

By using the CRISP-DM and an artificial intelligence tool like Rapidminer it is 
possible to achieve some predictions for the next ESIF 2021–2027. Further and 
deeper research should be taken for each country following the new priorities and 
using machine learning algorithms for better predictions. A quite interesting study 
could be developed, in the future with the introduction of new variables, accounting 
for the impact of the war in Ukraine and the inflation due to the lack of materials, 
mainly electronic components. Nowadays, these two facts are a concern and will 
affect the first five priorities and project goals of ESIF. Future work should also 
involve a similar analysis per each thematic objective.
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Technology Serving Justice 

Ana Paula Lopes 

Abstract In face-to-face interactions, people are constantly providing information 
through their body movements (Kendon in Body language communication: An 
international handbook on multimodality in human interaction, pp. 7–27, 2013). 
Berlin/Boston: De Gruyter Mouton.), in which gestures are included. These kinetic 
movements transmit two-thirds of what we communicate (Aghayeva in Khazar J 
Human Soc Sc 53–62, 2011), and ignoring them means disregarding the complexity 
of the human communication system (Jones and LeBaron in J Commun 52:499–521, 
2002). When communicating, humans create signs, and “these signs are made with 
very many different means (…). They are the expression of the interest of socially 
formed individuals who, with these signs, realize (…) their meanings” (Kress in 
Multimodality: A social semiotic approach to contemporary communication. Rout-
ledge, p. 10 [2010]). And the way people understand what others mean to transmit 
can deeply vary. These different interpretations may originate from each person’s 
experience, prejudice, values, and expectations in life. Therefore, the probability of 
misunderstanding is vast. In the specific context of a forensic interaction, problems 
of communication misunderstandings can have serious consequences in a suspect’s 
or in a defendant’s life. Globally, body movements are not thoroughly considered 
when it comes to understanding what a suspect or a defendant really wants to declare. 
However, on some occasions, the correct interpretation of a kinetic movement could 
contribute to a fairer judicial decision. Through a consistent micro-analysis of inter-
actions, it is possible to create meaning from body movements. The micro-analysis 
developed by the author showed that body movements can transmit information that 
had not been verbally uttered. That information has shown to be of great importance 
in the context of judicial process analysis. 

Keywords Communicative process · Face-to-face interactions · Forensic contexts
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1 Introduction 

Communication and forensic contexts are closely linked and interrelated. It is impos-
sible to conceive of the idea of forensic contexts without the existence of communica-
tive acts. Forensic contexts are understood as any situation in which issues related to 
the law arise, encompassing all stages of a judicial process (Granhag & Strömwall, 
2004), and including aspects relating to the language used in this process. They 
involve everyday issues from all kinds of justice and law enforcement institutions— 
the courts, police, and detention facilities (the courts and criminal police agencies 
will be the only institutions described, as they were the only ones possible to contact 
within the scope of this work). These institutions function under the umbrella of the 
Law but, even so, have different realities and their own ways of working. In other 
words, and in a broad sense, here we understand forensic contexts as all situations 
in which language interacts with the legal, judicial and ethical system (www.lingui 
sticaforense.pt). The individuals who move through forensic contexts are also parts 
of them, such as judges, public prosecutors, lawyers, criminal investigators, and the 
common citizen, each one performing a distinct function, with an equally different 
role and focus. This investigation aims to observe how these law enforcement insti-
tutions work, namely the courts and police agencies, in relation to the way they 
process communication, particularly the discursive strategies used, and interroga-
tion methods followed. This study will highlight the way communication functions 
in the Polícia Judiciária (Criminal Police), notwithstanding the real and everyday 
relevance of the other police agencies that exist in Portugal, due to the importance of 
this police agency in combatting crime, both at a national and international level. It 
also aims to present a technological project, which will be developed by the author, 
following the first steps of this research. 

2 The Courts 

The rhetoric used by lawyers when they attempt to defend or accuse an individual 
is well known. What happens in a courtroom will be better understood if it is seen 
as a story or narrative (Tiersma, 1999). The argumentation strategy used by forensic 
professionals is not chosen by chance and is appropriate for the intended purpose. 
Many scholars of judicial language and, specifically, argumentation strategies used 
in courtrooms, call this use ‘narrative’ (Cotterill, 2003; Heffer,  2005). 

A narrative can be defined as a series of events communicated in order and 
in a logical sequence, emphasizing its textual organization (Cotterill, 2003). The 
discourse presented in courts, principally the opening statement, is also character-
ized and defined as a narrative discourse, with a logical and very specific sequence, 
passing through the following phases (Heffer, 2005): orientation, problem, evalua-
tion, and resolution. This discourse can often be decisive in a trial (Cotterill, 2003; 
Heffer, 2005). Lawyers are aware of this and do not choose arguments at random. A

http://www.linguisticaforense.pt
http://www.linguisticaforense.pt
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well-articulated, convincing discourse, with strong, plausible arguments and words 
meticulously chosen for the specific context, can very often not only change the 
course of a trial that was considered almost decided, but even influence the judge’s 
final decision (Heffer, 2005). 

Semantic prosody has real and often decisive effects on decision-making in a 
trial. It consists of an aura of meaning marked by the placement of words spoken 
to us (Louw, 1993: 157). That is to say, each word occurs alongside other types 
of words (collocates), which normally have more positive or negative connotations. 
Often, there are words that collocate with others with a notably negative connotation, 
which, when used in a specific context like a trial, are capable of influencing a judge 
to discredit the defendant. 

So, the speech used by public prosecutors and lawyers at a trial should not be 
disregarded in any linguistic analysis of a legal case. Furthermore, the whole narra-
tive and discursive strategy used throughout the course of a trial should be considered 
in a linguistic analysis of the matter. This is because it is usually through language 
that legal proceedings test the applicability of generalizations found in the law, gener-
alizations related to specific issues of behavior (Gibbons, 1994). Therefore, trials are 
linguistic events. So, language is central to the Law, and the Law, as we know it, is not 
conceivable without language. Many lawyers pride themselves on their mastery of 
language and view it as a vital skill for professionals in the field (Gibbons, 1994). In 
this way, it is not only what is written that is important in legal proceedings, as what is 
verbalized acquires equal importance in a courtroom. Discourse is as indispensable 
in Law as the written word: during the defendant’s interrogation, for example, or the 
witness statements (Schane, 2006). 

3 Criminal Police Agencies 

In parallel, we should not disregard the discourse or investigative strategies used by 
criminal investigators. In the United States and the United Kingdom, for example, the 
police have and follow well-researched, defined interrogation strategies appropriate 
to the situation at hand. In these countries, there are even companies that train criminal 
investigators and teach them strategies to interrogate a suspect more effectively. Much 
of this training is built on the issues surrounding interactive communication that are 
the subject of the present study, namely the analysis of kinetic movements made by a 
suspect when they are being interrogated. The North American company Reid (some 
of Reid’s clients, in addition to many police departments across the United States, 
include the US Coast Guard, the FBI, and Homeland Security. On their webpage 
(http://www.reid.com/training_programs/r_interview.html) there is access to a wide 
range of information about the company itself, as well as the work it does specifically 
in the area of training on how to conduct a police interrogation, in particular on Reid’s 
nine steps of an interrogation. It has existed for more than half a century and, among 
other activities, trains professionals in diverse scientific and geographical areas to 
conduct criminal investigations effectively. The Reid interrogation method follows

http://www.reid.com/training_programs/r_interview.html
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nine steps: the positive confrontation, theme development, handling denials, over-
coming objections, procurement and retention of the suspect’s attention, handling 
a suspect’s passive mood, presenting the alternative question, having the suspect 
orally relate the details of the crime and also elements of oral and written statements 
(http://www.reid.com/training_programs/r_interview.html). One can see, therefore, 
that criminal investigators’ discourse is not random either, and that all questions 
raised to suspects, their order, and even the vocabulary used are carefully chosen and 
have a well-defined purpose. 

So far in Portugal, there are no companies or other entities, public or private, collec-
tive or individual, that train criminal investigators to carry out in-depth, rigorous, and 
methodical interrogations on suspects, and that can, on a substantiated scientific basis, 
interpret diverse types of human communication. 

Here, related to the discursive and interrogation strategies used in trials and crim-
inal police agencies, it is also important to observe, on one hand, to what degree the 
suspects, defendants, and witnesses have equal command over words when called 
to provide statements and/or testify—compared with that of the judges, lawyers and 
criminal investigators; and, on the other, in what way these professionals use words 
in forensic contexts. 

4 Communication in a Forensic Context 

The concepts of ‘power’ and ‘ideologies’ and their relation to the language we all use 
in our communication take on a particularly relevant role when that communication 
occurs in forensic contexts. A discursive event is shaped by situations, institutions, 
and social structures that, in turn, are shaped themselves (Fairclough et al. 2011a, b). 
Discourse is influenced by social relationships of power and ideology, but these are 
also influenced by themselves. It is an interdependent relationship that, to understand 
it, requires an analysis of the discourse in question, but also a consideration and an 
understanding of the historical and social context in which it was produced. 

In the specific case of communication in forensic contexts, it seems important to 
find out how social power, abuse of power, dominance, and inequality are produced, 
reproduced, or resisted by texts and by speech (van Dijk, 2001). Similarly, we need 
to understand what type of relationships exist in these contexts—whether they are 
opaque or transparent relationships of dominance, discrimination, power, and control 
manifested through language and the way discourses are conducted. In other words, 
it is necessary to find out to what point social (and hierarchical) inequalities are 
expressed, signaled, and legitimized by the use of language in these contexts (Wodak, 
2001). Language is the principal means through which institutions create a coherent 
social reality that frames their sense of identity (Mumby & Clair, 1997). In the 
same way, institutions—their workers and individuals who interact with them (for 
example, the public)—are constantly constructed and reconstructed by discursive 
practices (Mayr, 2008).

http://www.reid.com/training_programs/r_interview.html
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Although police interrogation, for example, is a highly regulated discursive 
form, being structured around legal requirements, its “institutionality” is constructed 
through the interaction of participants as they negotiate organizational roles (Heydon, 
2005). Besides this institutional character, we cannot forget that discourse, whether 
in a prison room or a courtroom, is not only produced by individuals with a command 
of legal language. There is also the discourse produced by suspects, defendants, and 
witnesses (lay people), normally individuals who do not have command of legal 
language and who produce discourse in an everyday linguistic register. There is, 
therefore, an unequivocal linguistic disparity, not to mention the issue of discursive 
power and dominance, that is, who leads the discourse in a trial or police station and 
how they do it, and consequently who has more power than the rest. The discourse, 
whether produced by a suspect, a defendant, or the witnesses in a legal case, is 
controlled by whoever dominates, that is, the judges, public prosecutors, lawyers, 
and criminal investigators. Individuals participating in the courtroom interaction who 
do not belong to this sphere of the Law, do not have total control over their oral contri-
butions (Clark, 1996). Witnesses face limitations on how and the time they have to 
formulate and carry out their actions in real-time. They do not possess any control 
over when to speak or act. They go to their dedicated position when they are called to 
testify, they must respond to the questions put to them, without avoiding the subject 
of the questions. They do not express themselves how they would in other circum-
stances—in part because they find themselves under enormous restrictions due to 
the rules imposed—they must stick to the questions they are asked, they were called 
to testify for one of the parties in that particular case and, therefore, feel obliged to 
follow a determined line of dialogue (Heffer, 2005). 

There is a set of characteristics of face-to-face interactions that are considered 
fundamental to communication: (1) copresence, (2) visibility, (3) audibility, (4) 
instantaneity, (5) evanescence, (6) recordlessness, (7) simultaneity, (8) extempo-
raneity, (9) self-determination and (10) self-expression. By considering each one 
of these characteristics we can determine that communication in a courtroom, for 
example, entails considerable complexity (Clark, 1996). 

In this regard and knowing that the main parties involved in a trial share the same 
physical space, we can state that they are co-present (1) and that they can see each 
other (2) and hear each other (3). However, at a trial, these basic matters of face-to-
face interaction can be affected in several ways: the judge may not be able to see the 
facial expressions of the defendant and witnesses clearly and, frequently, they must 
ask them to raise their voices. It can also happen that the parties involved are not 
able to immediately perceive the behavior and actions of each other (4), although 
the complexity of the communicative act that takes place in a courtroom does not 
permit everything to be filtered and fixed in the same way for all those present. The 
oral means of discourse guarantees, normally, that what is said is rapidly forgotten 
(5) given that it is not.



182 A. P. Lopes

Shared Understanding and Memories, Expectations, Presuppositions, Stereotypes, 
Preconceptions, Discrimination 

Every individual has a unique and very particular worldview. However, this indi-
vidual, apart from their uniqueness as a human being, is not an isolated person. The 
context where they were born, where they grow up, where they will live and their 
adult life (and these contexts can vary during the course of their life) will mold 
their personality, their way of thinking, of seeing the world, their ideologies and 
assumptions. It will, in the same way, create and help to define the stereotypes, 
preconceptions, and discriminations they will use to make their value judgments 
concerning others, thereby molding their attitudes and behavior, making them think 
x or y in relation to a or b. Think about, for example, the ideas argued by Islamic jihad 
soldiers about individuals outside their belief system—ideas profoundly marked by 
the sociocultural context they belong to. 

So, each one of us is an individual full of preconceived ideas, sharing memories 
and beliefs with those closest to us. The entirety of our circumstances will influence 
and shape what we do and say on a day-to-day basis, whether in a social and family 
context, or a professional context. Van Dijk (1998) addresses these issues related to 
ideas, beliefs, and values, arguing that they are products of each person’s thoughts 
or a community or group’s collective thinking. The ideas and beliefs that each one 
of us, or a group, possess about a given reality are not limited to being based on the 
reality that surrounds us or that which we believe to be true or false but are equally 
products of the judgments we make—whether we think of something as good or bad, 
pretty or ugly (Van Dijk, 1998). So, our vision of the world that surrounds us is based 
on partiality and subjectivity, and that which we judge to be right and fair is often in 
fact not. 

The ideologies that guide us function like a system of ideas, belonging to the field 
of thought and beliefs. They are, in the same way, a social reality, often associated 
with groups, conflicts, and interests. They can be used to legitimize the dominance 
and power of one group over another or symbolize social problems. They are, also, 
linked to language and discourse, as these mechanisms express ideologies to society 
(Van Dijk, 1998). Ideologies are not just a set of beliefs, but rather beliefs shared 
and socially accepted by certain groups. These beliefs are acquired and utilized in 
social contexts, based on the interest of groups or the social relationships between 
groups (Van Dijk, 1998). As an example: in a courtroom in Portugal, if a defendant 
belonging to a football supporters’ group is presented to a judge and is accused 
of having provoked disorder, this defendant, as well as the accusation attributed to 
them (it does not matter here, for now, whether they are innocent or not), will have 
all the preconceptions, beliefs and ideologies against them that exist surrounding 
football supporters’ groups in Portuguese society—disorderly groups, prone to acts of 
violence. Moreover, depending on the football club the defendant belongs to—which 
may be different (and rival) to the one the judge possibly supports in their time—other 
beliefs and ideologies will certainly be associated. Now, no one is totally objective 
and impartial, or completely devoid of beliefs, expectations, preconceptions, and 
ideologies, enabling them to judge a situation without interference. In the case of
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this example, even unconsciously, this judge will cognitively activate what they 
think about the defendant’s club circumstances, possibly then judging the case in a 
conditioned manner. 

Communication can therefore be based on the relationship between individual and 
culture and on the knowledge, memories, stereotypes, and preconceptions inherent in 
each one of us that mold how we communicate and relate to others. It then becomes 
important to also address face-to-face interaction from a cognitive perspective, in an 
attempt to find out how our way of thinking influences how we communicate and 
interact, particularly the way we gesticulate and move the other parts of our body in 
face-to-face interaction. 

5 The Personal and Sociocultural Experience of Those 
Who Interrogate and Judge 

It seems necessary to understand whom the individuals in the ‘comfortable position’ 
are, the people judging and evaluating those accused or suspected of committing a 
crime. The judges and criminal investigators are, above all, human beings with all 
their inherent peculiarities. They are professionals that have studied and taken an 
academic and professional path that has enabled them to attain roles in the justice 
system and criminal investigation. All the education and training attached to these 
high-level responsibility positions are important and aim to prepare these individuals 
for roles they will perform as judges or criminal investigators. In the training they 
receive, both are alerted to issues of the impartiality of justice, their teachers trying to 
train them not to be prejudiced individuals or biased in their views and convictions. 
However, we also know that what happens, in reality, is a little different. 

The intention here is not to criticize the personality or performance of judges and 
criminal investigators on a day-to-day basis, but to reiterate that no human being, no 
matter the training they have received on this subject, is void of convictions, assump-
tions, preconceptions, choices, and preferences (Anastácio, 2009). Every judge, just 
like every criminal investigator, is a human being with their own, conditioned circum-
stances, who grew up in a particular family, with specific convictions, values, and 
beliefs. They may have (or not) more or less affinity with a particular political party, 
football club, or religion, and they will have lived through certain experiences (posi-
tive and negative) that molded them into the person they are. There is, therefore, a 
circumstance or worldview that makes that judge and that criminal investigator— 
that individual in particular—with those characteristics unique and distinguishes 
them from others. 

However, as much as someone tries to remove themselves from all preconceptions 
and convictions, trying to be as impartial as possible in their opinions and judgments, 
it is not humanly possible for there to be total impartiality and objectivity. It will be 
very difficult, for example, for a Roma individual to be presented as the defendant 
in a Portuguese court and for the judge to not immediately activate all the ideas and
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preconceptions they have in their mind regarding that ethnic group. Their role as a 
judge is to analyze the case at hand using the testimonies presented and the evidence 
(if there is any) shown to them, independently of the race, ethnicity, or creed of the 
person in front of them. They should analyze all this material and judge the case 
based on the law in place. Even when the individuals in question belong to the same 
culture as the judge, there will always be questions that raise problems—religious 
differences, differences in social status, education, and the way one lives their life 
and presents themselves, to name a few. Furthermore, the probability of incorrect and 
prejudiced judgments increases considerably when in front of a judge from another 
culture. 

Milton Bennett (2004) developed a model that addresses the issue of “intercul-
tural sensitivity”. Bennett considers that there are people able to interact with other 
cultures more easily, and some visibly find this type of interaction more problematic. 
His model, which he called the Developmental Model of Intercultural Sensitivity, 
DMIS (Bennett, 1986, 2004; Bennett et al., 2003), describes the phenomenon of the 
sensitivity individuals have or do not have to different cultures and the various stages 
this phenomenon can encompass. 

As people become more interculturally competent, there appears to be a great 
change in the quality of their communicational experiences, which Bennett calls the 
transition from ethnocentrism to ethnorelativism. The author used the term ethnocen-
trism to refer to the experience of the individual’s own culture as “central to reality”. 
In other words, the beliefs and behaviors that people acquire in their primary social-
ization are not questioned—they experience things exactly the way they are. By 
“ethnorelativism”, Bennett intends the opposite of ethnocentrism—the experience 
of our own beliefs and behaviors as just one possible organization of reality among 
various others (Bennett, 2004). 

This study by Bennett (2004) serves as the basis for an essential question in the 
present investigation: to what extent are judges and criminal investigators endowed 
with this “intercultural sensitivity”? Could it be that when they are faced with an 
individual from another culture, they activate questions in their mind which will allow 
them to not evaluate the other in a prejudiced way for belonging to another culture, 
or will exactly the opposite happen? Will they be able to direct their interrogation 
and assessment, bearing in mind that they are dealing with a person with a different 
world view to their own, with ideas, beliefs, and values that are culturally marked 
and different from theirs? And that these do not necessarily make them better or 
worse? The responses to these questions vary depending on the judge or criminal 
investigator in question, and the intercultural sensitivity they may have (or not). 

Despite the existence of greater or lesser cultural sensitivity, the human condition 
of prejudice and partiality will very often be a decisive factor present in all evaluations 
and judgments that are made. So, there exist several aspects that can influence the 
opinion of a criminal investigator and a magistrate’s judgment in court, however 
impartial these professionals try to be (and we do not question or doubt that the 
majority indeed try to be so). Here, an essential part of the human being comes in, 
linked to beliefs, preconceptions, and values, which is the emotional component.
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6 The Emotions of Those Who Interrogate and Judge 

What is an emotion? This question was formulated exactly like that by William James 
(1884), as the title of an article he wrote for Mind (Mind is a scientific publication 
focused on fields such as Psychology and Neuroscience, among other related areas) 
more than a hundred years ago (Lewis & Haviland-Jones, 2004). 

One of the first and most preeminent authors to study emotion was Charles Darwin 
(1872). Darwin observed and analyzed facial expressions, as well as gestures/body 
movements, both in humans and animal species, and argued that while gestures/body 
movements can be related to thoughts, actions, desires, and fantasies among other 
things, facial expressions relate only to emotions. 

Although Darwin maintained the idea of universality in the expression of 
emotions, above all through the facial expressions exhibited, he recognized that 
gestures are not universal, but rather socially learned and culturally marked conven-
tions (Darwin, 1872: xxii). However, many of his contemporaries disagreed with 
his theories of universality relating to the expression of emotions, namely some 
anthropologists like Margaret Mead (1901–1978, North-American cultural anthro-
pologist.). She believed facial expressions varied from culture to culture, and that 
the same expressions meant a different emotion depending on the culture in which it 
was exhibited (Darwin, 1872: xxiii). Later, Ekman (1992) concluded that while there 
are emotions that are expressed universally, there are also emotions that belong to 
a certain social/cultural group and that individuals react not only to life phenomena 
(music, thunder, physical activity) but also when handling interpersonal interactions 
(Ekman, 1992). 

Damásio (1999), in a brief historical perspective, says that emotions were, for 
a long time mainly after the works by Darwin, James, and Freud (Charles Darwin, 
William James and Sigmund Freud (XIX century) studied and investigated emotions. 
Their works in this area are well known. However, in the twentieth century, emotions 
were set aside in laboratory studies linked to neurological and cognitive studies, and 
only later given the importance they deserved (Damásio, 1999), viewed as an overly 
subjective topic and not rational enough for the neurological and cognitive sciences. 
Once emotions were understood as antipodes of reason, the ultimate quality of the 
human being, they did not merit being studied (Damásio, 1999). However, in recent 
years, the neurological and cognitive sciences have begun to address the topic of 
emotions in more depth, reporting that it did not make sense to place them at the 
opposite extreme to reason, as emotion and reason are complementary elements of 
the human being rather than opposites. 

The results of investigations carried out in his laboratory showed that emotion is 
an integral part of reasoning and decision-making processes. The discoveries came 
from a study of diverse individuals, entirely rational in the way they led their lives 
until the moment when, as a result of a neurological injury in specific areas of the 
brain, they lost a certain group of emotions and, at the same time, lost their capacity 
to make rational decisions (Damásio, 1999).
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Damásio also distinguishes emotion from feeling. He suggests the term feeling 
should be reserved for the mental, private experience of an emotion, while the term 
emotion should be used to describe the set of responses that an emotion comprises, 
many of which are publicly observable. An individual cannot observe a feeling in 
another person, but they can observe a feeling in themselves when they are conscious 
and aware of their emotional states. In the same way, no one can observe feelings 
that are not their own, but some aspects of emotions that are at the foundation of 
these feelings are manifestly observable by others (Damásio, 1999). 

Damásio, like Ekman (1992), believes that there are six primary or universal 
emotions: happiness, sadness, fear, anger, surprise, and dislike. But there are other 
emotions, called secondary or social emotions, which include shame, jealousy, blame, 
and pride. There are further background emotions, like well-being or malaise, calm-
ness, and tension (Damásio, 1999). So, according to the author, emotions are compli-
cated sets of neurochemical responses that form a pattern. All emotions play a regu-
lating role that drives, in one way or another, the creation of advantageous circum-
stances for the organism that manifests the phenomenon. Although learning and 
culture alter the expression of emotions and redress them in new meanings, emotions 
are biologically determined processes depending on innate cerebral mechanisms 
established by a long evolutionary history. Individual history and the fact that culture 
has a role to play in the formation of some drivers does not negate stereotyping, 
automation, and the regulatory objective of emotions (Damásio, 1999). 

The exact composition and dynamics of emotional responses are formed in 
everyone through a unique development and environment. However, the evidence 
suggests that, on the most part, or even totally, emotions result from the long 
genealogy of evolutionary tuning. They are part of the bioregulatory mechanisms 
we are born with to prepare us for survival. There are different forms of expression, 
just like variations in the exact configuration of stimuli that can induce an emotion in 
different cultures and individuals. However, it is the similarities, not the differences, 
that are surprising. These similarities make intercultural relationships possible, and 
enable art, literature, music, and cinema to cross borders so easily (Damásio, 1999). 

Darwin (1872) argues that our expressions of emotions are universal and a product 
of our human evolution (Darwin, 1872: xxii). Even though we all, as a species, 
evolved in the same way, and therefore everything related to neurological, cognitive, 
and biological phenomena are similar among human elements belonging to different 
cultures, it is perhaps more difficult to accept quietly Damásio’s idea that suggests 
intercultural relationships can develop naturally and without conflicts. The author 
accepts and assumes that there are developmental and cultural elements in each 
individual that mold how they externalize their emotions. Now, if, and citing the 
author, “without exception, men and women of all ages, all cultures, all levels of 
education and economical status have emotions” and if “there is something very 
particular about the way emotions are linked to complex ideas, values, principles, 
and judgments that only human beings can have” (Damásio, 1999: 55), it seems 
evident that the place where we are born, the way we were educated, ultimately, 
our circumstances and world view will influence and mold the way each individual 
expresses themselves emotionally. So, on one side we have the purely biological,
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cognitive, and neurological part that brings us together as beings from the same 
species, but on the other, we have our sociocultural side, which distances us as 
beings belonging to cultures and, in a microcosmic sphere, linguistic communities 
different from each other. 

Despite the universal character of the phenomenon of human emotion, argued 
by Darwin (1872), but opposed by some other researchers (Birdwhistell, 1970; 
Klineberg, 1940), we need to bear in mind that a display of emotions can vary from 
culture to culture (or subculture). As a result, the issue of cultural specificity becomes 
important (Weigand, 2004). The social life of human beings, in the context of a given 
cultural environment, creates conditions that differ from culture to culture and, there-
fore, generates specific needs and emotional responses. For example, members of 
different cultures learn to fear and appreciate different things. This fact is based on 
the existence of different cultural standards, levels, and behavioral norms that allow, 
require or prohibit the expression of this or that emotion in a certain way (Weigand, 
2004). 

It is accepted that an individual makes kinetic movements and expresses emotions, 
but that they do it within a certain context, a certain situation, and that those realities 
will permit whoever is interacting with that individual to interpret what they are 
feeling. The notion of context is, therefore, fundamental, as it does not appear to make 
sense that speech, kinetic movements, and expression of emotions are interpreted out 
of context. 

We do not communicate or experience emotions in a vacuum, nor can we say 
what we are feeling based solely on introspection (Armon-Jones, 1986). But we 
also learn to give meaning to our experience depending on the context, through 
our social exposure and our cognitive abilities, which allow us to transform our 
context by the simple fact of interacting with it (Carpendale, 1997). Our emotional 
experience is linked to specific contexts and has a unique social history and a current 
cognitive function. Our unique social history includes our immersion in our culture’s 
beliefs, attitudes, and assumptions. All these factors help us learn what it means to 
feel something and do something with it. The concepts we attribute to emotional 
experience are full of nuances and meanings depending on the context, including the 
social roles we occupy, our gender, and our age (Lewis & Haviland-Jones, 2004). 

Overall, we all have contextual, cultural, and individually determined perceptions 
of life and the people we interact with. These are more or less ruled by the values 
learned throughout our socialization stage in the community—what is considered 
good and what is considered bad—a situation that makes it difficult, unless one is 
trained and prepared for this—to recognize that there are different ways of seeing 
the world. All this becomes hugely important when one intends to question or judge 
someone who views reality in a way, sometimes, completely different to us, without 
it being more or less correct, as can happen in forensic contexts. 

Some sources of cultural variation are identical to individual sources of variation: 
in different cultures, like in different individuals, different things function as desirable 
or undesirable, worthy of approval or worship, or the contrary, appealing or detestable 
(Ortony et al., 1990).
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Therefore, the conduct of each judge and each criminal investigator should be 
guided by inter and intracultural sensitivity, trying to comprehend that in front of 
them is a human being, in an inferior and vulnerable position concerning themselves, 
whom they are judging and evaluating. Also, whether they have committed a crime or 
not, there is a whole set of cultural and life circumstances that cannot nor should not 
be disregarded when attempting to sentence their future. Related to this sociocultural 
component are the kinesic movements that integrate into all our communicational 
systems and that, as we have seen, should not be ignored in an analysis of a legal 
process. 

7 Kinetic Movements in Interactions in Forensic Contexts 

Gestures and other kinetic movements made during a face-to-face interaction in 
forensic contexts are often not included in analyses of this type of interaction. When 
they are, the observations on them are for the most part based on empirical experi-
ences, normally without scientific support. A questionnaire (although the question-
naire was sent to various professionals in the legal field, responses were only received 
from public prosecutors and criminal investigators from the Criminal Police) was 
therefore designed to find out if and how body movements are taken into account by 
prosecutors and the Criminal Police investigators during interrogations of defendants, 
witnesses, and suspects. 

From the responses obtained, the position of public prosecutors and criminal 
police investigators seems clear: not only do the majority (81.8%) feel the need for 
training in this area of body movement analysis in interactions, but they also think 
interactions taking place in forensic circumstances should be recorded on video 
(88.6%) for investigational purposes. 

Currently, except for some cases in the United States, the subject of kinetic move-
ments in interactions is not normally taken into account by judicial systems when 
making decisions in court. Furthermore, so far only the defendants’ and witnesses’ 
discourse is recorded and subsequently transcribed, reproducing only that which 
was verbalized. In countries like England, and also in Portugal, trials are recorded 
as audio—so there is no access to images—and the quality of recordings is far from 
ideal to understand clearly what was spoken in the courtroom. 

Transcriptions do not specify whom a given discourse is directed toward or who 
heard it. Based on the principle that they are accurate records of the words that 
were spoken (although, often, that is not the case), in the majority of cases, they 
do not supply important clues about the interaction, such as the emphasis given to 
words/expressions, intonation (whether it is a question or a confirmation), the pauses 
(which carry their meaning), interruptions (which can be a significant indicator of 
the speaker’s control and their intention), among many other aspects (Shuy, 1996). 

As well as this, and whether due to the lack of quality recordings, or a poor inter-
pretation of the real words by the person who did the transcription (and transcribers 
are not linguists), these transcriptions often do not correspond to the whole truth of
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what was verbalized. In the case of Portugal, the transcriptions of an audio recording 
of a trial are only done if they are requested by the interested parties, usually to reopen 
or continue to investigate a case or when filing an appeal, with the presentation of 
the allegations. 

A transcription implies the conversion of speech into written language. The essen-
tial problem is that speech and writing are different means, with different properties. 
Writing, as we use it every day, is not an effective means of recording speech, as 
it does not include oral conventions and many oral characteristics (Halliday, 1999). 
Furthermore, it is practically impossible to precisely record everything that happens 
in speech, like intonation, breathing, voice quality, accent, pauses, rhythm, and other 
important aspects. So, the information that is lost is enormously important (Gibbons, 
2003). 

As a minimum, communication requires three key elements: a producer, a text, and 
a receiver, in which “producer’ and “receiver” are global terms for a set of possible 
participants (Goffman, 1987), and the “text” can be any type of language (written or 
spoken) (Heffer, 2005). 

Considering, therefore, the process of human communication as it is, how can 
one believe that, in the analysis of a legal case, essential aspects of the whole process 
can be neglected: human communication as a whole? Magistrate judges and public 
prosecutors are qualified in Law and have an understanding of the laws. They are, 
first and foremost, human beings endowed with common sense and intelligence. 
However, their academic path will not alert them to the importance of communication 
as a whole in the context of a trial. 

How we communicate—what we verbalize and the co-discursive movements 
we make—is, therefore, susceptible to problems of interpretation, even when the 
message being transmitted is in theory truthful and in line with the reality being 
discussed. 

7.1 Forensic Contexts and Analysis of Body Movements 

Until now, little has been developed and investigated in the study of gestures and other 
kinetic movements in an analysis of face-to-face interactions in forensic contexts. 
Investigators rarely mention body movements and how they relate to speech in inter-
actions taking place in trials, prisons, and police stations (Matoesian, 2010), but some 
authors have established this relationship (Broaders & Goldin-Meadow, 2010). 

The complete and accurate transmission and transcription of information obtained 
in inquiries and forensic interrogations are very important for the credibility of the 
justice system. The way questions are asked in inquiries and forensic interrogations 
influence the responses of those being interrogated (Cotterill, 2003; Heffer,  2005). 
Equally, speakers make spontaneous co-discursive gestures that can transmit infor-
mation that was not verbalized (de Ruiter, 2007; McNeill, 1992). In this way, as tran-
scriptions made in forensic contexts only contain discursive elements (Shuy, 1996),
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as we have seen, a lot of relevant information is ignored (Broaders & Goldin-Meadow, 
2010). 

There seems, therefore, to be a need for more in-depth material on these contexts, 
and interdisciplinary knowledge exchange, as ignoring body movements alongside 
speech in judicial scenarios means not fully comprehending the complexity of the 
phenomenon being analyzed (Jones & LeBaron, 2002: 512). This need seems justi-
fied by the fact that, in the context of the subjects investigated to date, few studies 
have included an analysis of gestures and other kinetic movements in face-to-face 
interactions in forensic contexts. In parallel, there have also been few works that 
relate kinetic movements to interactions in forensic contexts (Matoesian, 2010). 

Until now, few investigators have established a relationship between kinetic move-
ments and speech in forensic contexts (Matoesian, 2010: 541). Analyzing acts of 
communication in a forensic context while ignoring these movements makes for 
a poorer analysis and eliminates relevant activities in the communicative process 
(Maynard, 2006: 477). In a courtroom, lawyers direct their gaze to the witnesses 
when they address them, they mark the rhythm of the speech with hand/arm move-
ments, they show their hand palm facing upwards when they intend to reveal an 
inconsistency in the testimony given, and witnesses aim their index finger at the 
defendant, in a pointing gesture (Matoesian, 2010: 542). There are, then, countless 
kinetic movements that occur alongside speech in any interactive context, but in a 
forensic context, these can transmit information that may influence the course of the 
investigation and the judgment in that legal case. As has already been stated, system-
atically ignoring either speech or kinetic movements in an analysis of face-to-face 
interaction—as interactions in forensic contexts are—is to set aside vital compo-
nents of the communicative behavior of human beings, and consequently carry out 
an incomplete analysis of the whole phenomenon at hand (Jones & LeBaron, 2002). 

7.2 The Importance of the Analysis of Body Movements 
in Forensic Contexts of Interaction 

Bearing in mind what has previously been described and highlighted, it seems clear 
the importance of an analysis of the face-to-face human communication process. 
When that communication process takes place in forensic contexts (inquiries, police 
interrogations, among others), and considering, as shown, that two-thirds of the 
messages that we transmit are passed through body movements (Aghayeva, 2011), 
to ignore such a significant amount of information means to lose contents that, in the 
process of analyzing a judicial case, might be vital. 

Therefore, it is important that this type of interaction can be legally video recorded 
(always respecting and updating, if possible, the legislation in force, so that these 
recordings become possible) so that the interactions can then be analyzed in detail 
through software (still a project) which allows the upload of the videos, and the recog-
nition and automatic transcription of the speech. By doing so, it is then possible to
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reach adequately supported findings about the individuals’ communicative behavior 
in those contexts. It cannot be emphasized enough how important it is to keep 
these recordings exclusively under the scope of helping in the criminal investigation 
processes, being confidential material that must be carefully protected. 

Because, in fact, human beings can change, omit, and forge information through 
speech, but they cannot do it permanently through their bodies. It is of major interest 
to all that justice can comply with its duty, and it is defended here that the interdis-
ciplinarity between Law, Technology, and Linguistics seems to undoubtedly create 
advantages in ascertaining the truth in a judicial process. 

8 Conclusions and Further Research 

As such and considering the opinions of the public prosecutors and criminal inves-
tigators questioned in the context of the present work, of whom a large majority 
believe more training in the analysis of interactive body movements is necessary, the 
argument for the importance of this training gains more traction. Also, implicitly, the 
need arises for interactions in forensic contexts to be recorded on video—at least for 
investigational purposes—for a detailed, substantiated, and credible analysis of all 
information transmitted during interactions to be possible. In a related investigation 
carried out by the author, it was possible to verify the following—by highlighting 
just a few aspects—and through an analysis of body movements during interactions: 

Through gestures, speakers can transmit information they have not verbalized. 
In this way, access can be gained to messages and/or mental images that speakers 
may wish to omit voluntarily or involuntarily, which may turn out to be important 
depending on the context of the interaction. Gestures thereby function as a window 
into the mind (de Ruiter, 2007; McNeill, 1992). In addition, pauses and hesitations 
can reveal that a speaker is organizing their thoughts or, if they are interacting in 
their second language, that they need more time than they would need in their first 
language to choose lexical elements or structure the syntax of their discourse. 

Common aspects shared by speakers of an interaction (culture, assumptions, 
expectations, beliefs, ideologies, education…) can help make the interaction more 
natural and spontaneous, with the message transmitted more effectively and more 
easily understood. 

We confirm, therefore, the importance of understanding and analyzing the commu-
nicative process, as not considering two-thirds of the information passed on, partic-
ularly for interactions in forensic contexts, means ignoring rich material for criminal 
investigation. 

To try to avoid this loss, and misunderstandings and misinterpretation in verdicts, 
we think that it is important to include this type of analysis in the wider judicial 
cases analysis. Therefore, and to help do this faster and in a reasoned and reliable 
way, the author aims to develop software that, as previously mentioned, will allow 
the fulfillment of this analysis.
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